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ABSTRACT  
 
Design of Zinc Oxide Based Solid-State Excitonic Solar Cell with Improved Efficiency. 
(December 2011) 
Tao-Hua Lee, B.S., Iowa State University; 
M.S., Iowa State University  
Co-Chairs of Advisory Committee,  Dr. Xing Cheng 
                                Dr. Hung-Jue Sue 
 
Excitonic photovoltaic devices, including organic, hybrid organic/inorganic, and 
dye-sensitized solar cells, are attractive alternatives to conventional inorganic solar cells 
due to their potential for low cost and low temperature solution-based processing on 
flexible substrates in large scale. Though encouraging, they are currently limited by the 
efficiency from not yet optimized structural and material parameters and poor overall 
knowledge regarding the fundamental details. This dissertation aims to achieve 
improved performance of hybrid solar cells by enhancing material property and 
designing new device architecture. 
The study begins with the addition of XD-grade single-walled carbon nanotube 
(XDSWNT) into poly(3-hexylthiophene) (P3HT) to improve the current density. By 
having a weight ratio of XDSWNT and P3HT equaled to 0.1:1, short-circuit current was 
quadrupled from 0.12 mA cm
-2
 to 0.48 mA cm
-2
 and solar cell efficiency was tripled 
from 0.023% to 0.07%, compared to devices with pure P3HT as a hole transport material. 
Secondly, a significant improvement in device efficiency with 250 nm long ZnO 
nanorod arrays as photoanodes has been achieved by filling the interstitial voids of the 
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nanorod arrays with ZnO nanoparticles. The overall power conversion efficiency 
increased from 0.13% for a nanorod-only device to 0.34% for a device with combined 
nanoparticles and nanorod arrays. The higher device efficiency in solid-state DSSCs 
with hybrid nanorod/nanoparticle photoanodes is originated from both large surface area 
provided by nanoparticles for dye adsorption and efficient charge transport provided by 
the nanorod arrays to reduce the recombinations of photogenerated carriers. Followed by 
the novel layer-by-layer self-assembly deposition process, the hybrid photoanode study 
was extended to the longer ZnO nanorod arrays. The best performance, 0.64%, was 
achieved when the thickness of the photoanodes equaled to 1.2 μm. Finally, the 
photovoltaic devices were modified by adding ZnO nanoarpticles into P3HT to increase 
interfacial area between ZnO and P3HT. The efficiency was enhanced from 0.18% to 
0.45% when the ZnO nanorod arrays were 625 nm in length. Our successful design of 
the device morphology significantly contributes to the performance of solid-state hybrid 
solar cells. 
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1. INTRODUCTION 
 
1.1 Overview 
The rapidly increasing fossil fuel consumption and excessive greenhouse gas 
emissions have put significant pressure on the already-exhaustive global energy demand 
and needs for environmental protection. The global growing demand for energy and for 
protecting our environment can potentially be met by solar cell technology. Although the 
solar cell technology has not yet been in large-scale utilization because of its high cost 
and insufficient conversion efficiencies in the past, recent advances in nanomaterial and 
device technologies have offered new opportunities for it to become competitive to fossil 
fuels. Among various photovoltaic devices, the excitonic solar cells (XSCs) technology 
has made enormous progresses and is highly competitive for large scale commercial 
fabrication. The aim of the research on XSCs is to develop photovoltaic technology 
which allows solar cells to be produced on flexible substrate by using high throughput 
roll-to-roll method at low cost. Ideally, all of the fabrication process could be done using 
low-temperature, low power-consumption, low cost, and solution-based process. 
 
 
 
 
 
 
 
 
___________ 
This dissertation follows the style of Nanotechnology. 
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In XSCs, conjugated polymers, small molecules, or quantum dots are utilized as 
the light absorbing materials. Upon light absorption, excitons (bound electron-hole pairs) 
are generated. If they are not formed at the interface between constituent semiconductors, 
it is necessary for these excitons to diffuse to the interface without recombination. So 
long as the offset of energy levels at the junction is greater than the exciton binding 
energy, free charge carriers can be created [1-3]. For this reason, the majority of the 
carriers are present at the interface and the interfacial property becomes crucial. In 
addition, exciton diffusion length also has a significant impact on the performance of 
XSCs. Only those excitons generated within the order of the exciton diffusion length 
from the interface have chances to reach interface and separate into free charges. In other 
words, it is beneficial to fabricate excitonic devices with interface everywhere in the 
material. For conductive polymers, diffusion length ranges from 4 nm to 20 nm [4]; for 
high quality small molecule thin films, it’s up to a micrometer [5]. Oppositely, in 
conventional photovoltaic devices, free electron-hole pairs are produced everywhere in 
the bulk semiconductor, and subsequently separate when they arrive at the junction. 
Therefore, the charge generation and separation are different between XSCs and 
conventional solar cells and result in fundamental difference in device behavior. 
Excitonic photovoltaic devices include organic solar cells (OSCs), hybrid 
organic/inorganic solar cells (HSCs), and dye-sensitized solar cells (DSSCs). The most 
efficient XSCs reported are Grätzel’s DSSCs with efficiencies of 11% [6-8]. Despite the 
high efficiency, DSSCs based on liquid electrolyte have reliability issues caused by the 
liquid redox electrolyte. Device instability and the need for good device packaging have 
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become major hurdles for commercial application of DSSCs [9]. Furthermore, liquid 
electrolyte based solar cells cannot be easily fabricated into multi-cell modules [10]. One 
way to address this manufacturing difficulty is to replace the liquid redox electrolyte by 
a solid-state hole transport material, typically a p-type conjugated polymer. Recently, 
many attempts have been made by using different hole transport materials, such as 
OMeTAD [11, 12], and poly(3-hexylthiophene) (P3HT) [13], along with dye-loaded 
porous nanoparticle films. Efficiencies of solid-state DSSCs remain around 4% [12, 14]. 
Recent progresses in nanotechnologies have led to improved efficiency in OSCs from 
planar p-n junction cells to bulk heterojunction cells with efficiencies up to 5-7% [15-18].  
By modifying the morphology of inorganic constituent in HSCs and DSSCs, the 
photovoltaic efficiency could be improved. As the key components, many inorganic 
semiconductors have been applied as nanostructured materials for XSCs, such as TiO2 [8, 
11], ZnO [19-22], CdSe [23], PbS [24, 25], CuInSe2 [26], and many others. Among these 
electron transport materials, ZnO is an attractive candidate because of its diverse 
morphologies. ZnO is a II-VI binary compound semiconductor with a large band gap of 
3.2 eV, and the conduction band edge of ZnO is at -4.4 V versus vacuum [19]. As a 
direct and wide band gap material, it draws a lot of interests as the candidate for 
electronic and short wavelength optoelectronic applications. ZnO has a diverse group of 
nanostructures, for instance, nanoparticles [27], nanorods [28], vertically aligned 
nanorods/nanowires [29, 30], core-shell nanorods/nanowires [31, 32], nanotubes [33], 
nenobelts [34], nanosheets [35], nanoflowers [36], hierarchical structures [21], and 
branched structures [20]. These nanostructures can be synthesized through sol-gel 
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synthesis [27, 28], hydrothermal growth [29, 30], chemical bath deposition (CBD) [32], 
atomic layer deposition (ALD) [31], vapour-liquid-solid (VLS) approach [34], or 
metal-organic chemical vapor deposition (MOCVD) [20]. The reduction of the structures 
to nanoscale provides novel electrical, mechanical, and optical properties as the result of 
surface and quantum confinement effects [37]. Though power conversion efficiency of 
solar cells based on ZnO is lower than that of TiO2, ZnO is still regarded as a prominent 
competitor due to its ease of synthesis and flexibility on the nanostructure morphologies. 
In addition, the electron mobility of ZnO is higher than that of TiO2, the charge 
recombination rate of ZnO is lower than that of TiO2, and the electron lifetime of ZnO is 
longer than that of TiO2 [38, 39]. Those characteristics are beneficial for solar cell 
applications. 
 
1.2 Organization of the dissertation 
This dissertation aims to achieve improved performance of hybrid solar cells by 
enhancing material property and designing new device architecture. A comprehensive 
literature review on the recent progresses of ZnO based solid-state XSCs will be given 
first. One of the major research subjects in this study is to improve hole transporting 
capability of conjugated polymers. Thus solid-state DSSCs consisting of dye-coated 
ZnO nanoparticle photoanode and P3HT thin film were fabricated with addition of 
XD-grade single-walled carbon nanotube (XDSWNT) into P3HT. The amount of the 
XDSWNT in P3HT and the device performance of the cells were investigated. With the 
addition of XDSWNT, current density was improved by four times.  
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Another major research topic is to investigate the relationship between the 
photoanode morphology and the solar cell performance. Solid-state DSSCs were 
produced by using ZnO nanoparticles to fill the interstitial voids between ZnO nanorod 
arrays as the photoanode, hoping to further improve the efficiency of the solid-state 
DSSC device. The ZnO nanorod arrays serve as direct pathways for fast electron 
transport and the ZnO nanoparticles filled in the interstitial space of the ZnO nanorods 
offer a large surface area for dye adsorption. Using this hybrid nanorod-nanoparticle 
structure, a significant improvement in performance has been achieved. The effects of 
the ZnO photoanode morphology on the solid-state DSSC's performance are discussed.  
The study was then extended to explore the influence of the length of ZnO 
nanorods on the photovoltaic performance. Solid-state DSSCs were fabricated by filling 
ZnO nanoparticles into the interstitial space between nanorod arrays from a novel 
layer-by-layer deposition method. The layer-by-layer deposition technique solves the 
issue of incomplete filling of deep ZnO nanorod arrays with random orientations, while 
at the same time provides uniform dye loading throughout the ZnO nanoparticle film. 
Lastly, ZnO nanorod arrray/bulk heterojunction solar cells were fabricated at two 
different nanorod array lengths. The strategy is to use ZnO nanoparticles instead of 
PCBM due to the ease of ZnO synthesis and also its flexibility on morphology. The 
current density was significantly increased by using ZnO nanorod arrays and P3HT:ZnO 
NPs bulk heterojunction together instead of ZnO nanorod arrays and pure P3HT only. It 
is also been observed that with longer ZnO nanorods, the current density is also 
enhanced.  
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2. LITERATURE REVIEW 
 
Many approaches have been explored to investigate and promote device 
performance of solid-state XSCs. Many of these aim to create large interfacial area 
between p-type and n-type materials by creating bulk heterojunction structure. In 
addition, bulk heterojunction structure ensures short exciton diffusion ranges and offers 
percolation pathways for both electrons and holes to reach relevant electrodes. 
Morphologies of active layers can be divided into four categories (Figure 1): 
- Planar metal oxide and conjugated polymer bilayer; 
- Filling nanoporous metal oxides with conjugated polymers; 
- Metal oxide nanoparticles and conjugated polymer hybrid solar cells, including 
in-situ growth of metal oxides; 
- Vertically-aligned metal oxide nanostructures with conjugated polymers. 
 
In the following sections, a comprehensive review of the solid-state XSCs based 
on ZnO will be discussed. An attempt has been made to collect solar cell performance 
reported in the scope of this dissertation (Table 1). 
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Figure 1. Four morphologies of active layers: (a) planar metal oxide and conjugated 
polymer bilayer; (b) filling nanoporous metal oxides with conjugated polymers; (c) 
metal oxide nanoparticles and conjugated polymer hybrid solar cells, including in-situ 
growth of metal oxides; (d) vertically-aligned metal oxide nanostructures with 
conjugated polymers. 
 
2.1 Determination of solar cell performance 
Before starting the discussion on solar cell performance, several terms used in the 
field are needed to be introduced briefly. Figure 2 shows the typical current 
density-voltage (J-V) curve of solar cells with open-circuit voltage (Voc), and 
short-circuit current (Jsc). Ideally the open-circuit voltage is determined by the difference 
between highest occupied molecular orbital (HOMO) level of the electron donor and 
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conduction band of the electron acceptor. Maximum theoretical current density that can 
be generated from a photovoltaic device is related to the bandgap of the light absorbing 
material in the system. Efficiency (η) of solar cells is calculated as (Vmp x Jmp / Po) x 
100%, where Vmp is the voltage at maximum output power, Jmp is the current at 
maximum output power, and Po is the incident optical power. Fill factor (FF) is also an 
important indication used in solar cell area, which is defined as (Vmp x Jmp) / (Voc x Jsc) x 
100%. In general, the J-V curve is measured under air mass 1.5 (AM 1.5) condition with 
incident light power equals to 100 mW cm
-2
. The 1.5 here corresponds to the solar zenith 
angle of 48°. The angle is chosen because the solar cell development is concentrated in 
mid-latitude countries, such as the United States, Europe and Japan. 
 
 
Figure 2. A typical J-V curve of solar cells. 
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Table 1. Performance of ZnO based solid-state XSCs. (NP= nanoparticle, NR= nanorod, NW= nanowire.) 
Cell configuration Jsc (mA cm
-2
) Voc (V) FF η (%) 
Power 
Intensity 
(mW cm
-2
) 
Ref 
Bilayer 
ITO/ZnO/MEH-PPV/Ag 0.11 0.39 0.37 0.016 100 [40] 
ITO/50-80 nm Zn1-xMgxO/200 nm P3HT/Ag, x=0.25 1.27 0.70 0.56 0.49 100 [41] 
ITO/ ZnO/80 nm P3HT/Ag 0.28 0.31 0.43 0.037 100 [42] 
ITO/ Alkanethiol-modified ZnO/80 nm P3HT/Ag 0.42 0.31 0.40 0.053 100 [42] 
ITO/30-50 nm ZnO/P3HT/Au 0.31 0.32 0.42 0.04 100 [43] 
Porous film 
ITO/30-50 nm dense ZnO/150-300 nm porous 
ZnO/P3HT/Au 
2.18 0.36 0.44 0.35 100 [43] 
FTO/dense ZnO/800 nm porous 
ZnO/N719/spiro-OMeTAD/Au 
2.05 0.535 0.46 0.50 100 [44] 
Hybrid  
ITO/PEDOT:PSS/80 nm ZnO NP (67 
wt%):MDMO-PPV/Al 
2.40 0.814 0.59 1.6 71 [19] 
ITO/PEDOT:PSS/80 nm ZnO NP (26 
vol%):MDMO-PPV/Al 
3.90 0.80 0.50 1.56 50 [45] 
ITO/PEDOT:PSS/200 nm ZnO NP (26 vol%):P3HT/Al 2.19 0.69 0.55 0.92 75 [46] 
ITO/PEDOT:PSS/ ZnO NP (67 wt%):APFO-3/Al 3.1 0.510 0.36 0.45 100 [47] 
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Table 1. Continued. 
Cell configuration Jsc (mA cm
-2
) 
Voc 
(V) 
FF η (%) 
Power 
Intensity 
(mW cm
-2
) 
Ref 
Hybrid 
ITO/PEDOT:PSS/ ZnO NP (67 wt%):APFO-3/Al 0.415 0.475 0.510 0.210 50 [48] 
ITO/PEDOT:PSS/ 225 nm ZnO NP (50 wt%):P3HT/Al 5.2 0.75 0.52 2.0 100 [49] 
ITO/PEDOT:PSS/ ZnO NP (70 wt%):P3HT/Al 0.16 0.32 0.39 - 100 [50] 
ITO/PEDOT:PSS/ ZnO NR (70 wt%):P3HT/Al 0.40 0.22 0.41 - 100 [50] 
ITO/PEDOT:PSS/100 nm thick ZnO NP (15 
vol%):MDMO-PPV/Al 
2.3 1.14 0.42 1.1 100 [51] 
ITO/PEDOT:PSS/96 nm thick ZnO NP (15 
vol%):MDMO-PPV/Al 
2.0 0.73 1.03 - 80 [52] 
ITO/PEDOT:PSS/102 nm thick ZnO NP (15 
vol%):P3HT/Al 
3.5 0.83 0.50 1.4 100 [52] 
Vertically aligned nanostucture 
ITO/300 nm ZnO NR/200 nm P3HT/Ag 2.2 0.44 0.56 0.53 100 [22] 
ITO/180 nm ZnO NR/P3HT/PEDOT:PSS/Au 0.30 0.34 0.40 0.04 100 [53] 
ITO/180 nm ZnO 
NR/Mercurochrome/P3HT/PEDOT:PSS/Au 
0.87 0.45 0.41 0.16 100 [53] 
ITO/550 nm ZnO NR/Z907 dye/P3HT/PEDOT:PSS/Au 2 - - 0.20 100 [54] 
ITO/550 nm ZnO NR/Z907 dye/P3HT/PEDOT:PSS/Au 1.73 0.30 0.389 0.20 100 [55] 
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Table 1. Continued. 
Cell configuration Jsc (mA cm
-2
) Voc (V) FF η (%) 
Power 
Intensity 
(mW cm
-2
) 
Ref 
Vertically aligned nanostucture 
ITO/550 nm ZnO NR/Z907 
dye/TPD(4M)-MEH-M3EH-PPV/PEDOT:PSS/Au 
- - - 0.15 100 [55] 
ITO/200 nm ZnO NR/P3HT/Ag 1.33 0.443 0.484 0.28 100 [56] 
ITO/200 nm ZnO NR/P3HT/Ag 1.24 0.438 0.47 0.25 100 [57] 
PET/SWNT/300-400 nm ZnO NW/P3HT/Au - 0.46 - 0.6 100 [58] 
ITO/180 nm ZnO NR/P3HT/Ag 1.37 0.45 0.49 0.30 100 [59] 
ITO/380 nm ZnO NR/P3HT/Ag 1.64 0.30 0.48 0.24 100 [59] 
ITO/300 nm ZnO NR/P3HT/Ag 2.91 0.38 0.50 0.55 100 [59] 
Al/a discrete ZnO NR/P3HT/Au 0.32 0.40 0.28 0.036 100 [60] 
Al/a discrete ZnO NR/QT/Au 0.29 0.35 0.32 0.033 100 [60] 
ITO/300 nm ZnO NR/200 nm P3HT:PCBM/Ag 10.0 0.475 0.43 2.0 100 [22] 
ITO/300 nm ZnO NR/P3HT:PCBM/Ag 9.6 0.57 0.50 2.7 100 [61] 
ITO/ZnO NP/P3HT:PCBM/Ag 6.22 0.43 0.38 1.0 100 [62] 
ITO/ZnO NP/P3HT:PCBM/VOx/Ag 10.64 0.57 0.50 3.0 100 [62] 
ITO/115nm ZnO NR/P3HT:PCBM/VOx/Ag - - 0.65 3.9 100 [62] 
ITO/180 nm ZnO NR/P3HT:TiO2/PEDOT:PSS/Au 1.96 0.38 0.40 0.30 100 [53] 
ITO/180 nm ZnO 
NR/Mercurochrome:TiO2//P3HT/PEDOT:PSS/Au 
2.45 0.46 0.46 0.52 100 [53] 
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2.2 Planar metal oxide and conjugated polymer bilayers  
Covering a compact and planar layer of semiconductor oxide as ZnO with a thin 
layer of polymer is the most direct and simplest method to fabricate HSCs. The 
advantage of the device architecture is that photogenerated charges can be collected by 
the electrodes easily due to direct pathways. Oppositely, the relatively small interfacial 
area between metal oxide and polymer limits the charge carrier generation, especially the 
exciton diffusion length of conjugated polymers lies between 4-20 nm [4]. Though the 
efficiency of bilayer solar cells is limited, it is of considerable interest for studying 
fundamental scientific issues, for example, carrier generation, exciton diffusion length, 
and interface processes. In addition, the efficiency of bilayer structure can still be 
optimized by adjusting several parameters. Olson et al. reported a simple method to 
systematically tune the band offset in a metal oxide/conjugated polymer hybrid system 
in order to maximize the Voc [41]. The band offset between conduction band of ZnO and 
LUMO level of conjugated polymer, poly(3-hexylthiophene) (P3HT), is reduced with 
the substitution of magnesium into ZnO and form Zn1-xMgxO. The Voc increased from 
0.5 V at x=0 to more than 0.9 V at x=0.35. Efficiency increased as x increases from 0 to 
0.25 with maximum efficiency of 0.49%, Jsc= 1.27 mA cm
-2
, Voc= 0.70 V, and FF= 0.56. 
To enhance Jsc in ZnO/P3HT bilayer structure, Hsu et al. modified ZnO surface with 
alkanethiol self-assembled monolayers (SAMs) [42]. Before modification, Jsc = 0.28 mA 
cm
-2
, Voc= 0.305 V, FF= 0.427, and η= 0.037%; with modification, Jsc increased to 0.42 
mA cm
-2
, Voc= 0.312 V, FF= 0.404, and η= 0.053%. The enhancement on photocurrent 
attributes to the enhancement of the P3HT crystallinity. Alkanethiol SAMs reduce the 
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ZnO surface energy dramatically, thus during annealing, P3HT polymers are more 
mobile on the modified ZnO surface and can rearrange to form larger crystallinity 
domains [63].      
 
2.3 Filling nanoporous metal oxides with conjugated polymers 
The interfacial surface area between p-type and n-type materials can be increased 
by replacing the compact metal film with a nanoporous one; the porous ZnO films made 
with spray pyrolysis or doctor blade method have the porosity around 50% [64-66]. By 
filling these interstitial voids of the porous film with a conjugated polymer, exciton 
harvesting is improved as more excitons are generated within 4-20 nm of the 
ZnO/polymer interface, which is within the diffusion length of conjugated polymers. On 
the other hand, in order to generate carriers efficiently, the optimum pore size is 
constrained in the similar dimension. This requirement leads to the poor polymer 
infiltration into porous metal oxide films, reduces the real interfacial surface area 
between p-type and n-type materials, and is responsible for the low reported efficiencies 
[67-69]. Therefore, nanostructure pore size and distribution are needed to be refined to 
harvest more excitons. Boucle et al. reported that the device performance is strongly 
influenced by the shape and size of the initial ZnO nanocrystallites used to deposit the 
porous ZnO films [43]. The best performance in their porous ZnO/P3HT system came 
from 8 x 13 nm nanorods as the initial ZnO nanocrystallites with Jsc= 2.18 mA cm
-2
, 
Voc= 0.36 V, FF= 0.44, and η= 0.35%. The other three initial nanocrystallites used were 
5 nm nanoparticles, 24 nm nanoparticles, and 14 x 55 nm nanorods; the worst 
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performance came from 14 x 55 nm nanorods. This illustrates that fine control of the 
morphology of the staring ZnO nanocrystals leads to the different nanostructure pore 
size of the porous nanocrystalline film and can effectively tune the performance of the 
solar cells.  
Moreover, it’s logical to introduce solid-state DSSCs here. With dyes as the 
interface modifiers between ZnO and conjugated polymer, the overall structure of the 
device keeps the same but dyes take care of the light absorption and semiconducting 
polymer deals with the hole transport. With appearance of the dyes, Voc increases as a 
result of the suppression of charge recombination since dye molecules can be regarded 
as the physical barrier and can reduce the number of the shunt pathways between 
conductive polymer and ITO substrate caused from the defects in the ZnO. Jsc of the 
cells can also be improved if amphiphilic dyes are used as surface modifiers [54]. With 
amphiphilic dyes as the surface modifier, ZnO surface is easier to be wetted by 
conjugated polymer and thus increase the interfacial area, exciton harvesting, and Jsc. 
Most recently, Boucharef et al. reported that by optimization the sintering process, 
porous ZnO electrodes sensitized by N719 and infiltrated with the 
2,2′,7,7′-tetrakis(N,N-di-pmethoxypheny-amine)-9,9′-spirobifluorene (spiro-OMeTAD) 
gives the efficiency of 0.50% [44]. 
 
2.4 Metal oxide nanoparticles and conjugated polymer hybrid solar cells 
One way to avoid poor polymer infiltration into porous metal oxide films is to 
blend nanoparticles of inorganic semiconductors with conjugated polymers. Interfacial 
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surface area is therefore enlarged throughout the thin film by mixing p-type and n-type 
materials together. In addition, for solar cells based on bilayer structure and nanoporous 
films filled with conjugated polymer, ZnO or other inorganic semiconductors need to be 
grown or synthesized on the substrate before the layer of the conjugated polymer can be 
deposited. With the hybridization of the metal oxide nanoparticles and the conjugated 
polymer, the advantages from materials are combined. With the polymer as the matrix, 
simple, large-scale deposition techniques provide a versatile route toward hybrid solar 
cell devices [70]. Oppositely, the main challenge for bulk heterojunction photovoltaic 
devices is to create enough contacts between inorganic materials to maintain pathways 
for electrons. In other words, the most important factor which determines the device 
performance is the phase separation [49, 71]. In HSCs, charge generation requires a high 
interfacial surface area, while charge transport and collection requires the unhindered 
pathways in the individual component. The other challenge is that further modification 
on the metal oxide materials or conjugated polymers might be required in order to use a 
solvent to process both inorganic and organic materials at the same time. 
Hybrid bulk heterojunction solar cells have been made by blending ZnO 
nanocrystals and the conjugated polymer, poly(2-methoxy-5-(3′-7′-dimethyloctyloxy) 
-1,4-phenylenevinylene) (MDMO-PPV). The thin films can be prepared by spin-coating 
a blended solution consisting of ZnO nanoparticles and MDMO-PPV from the common 
solvent, chlorobenzene/methenaol (v/v = 95:5). The device performance of the hybrid 
ZnO:MDMO-PPV solar cell with 67 wt% ZnO has been measured as Jsc= 2.40 mA cm
-2
, 
Voc= 0.814 V, FF= 0.59, and η= 1.6% under 0.71 sun [19]. P3HT is another conjugated 
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polymer of interest to be applied in ZnO/polymer conjugated solar cells due to its high 
hole mobility ~ 0.1 cm
2
 V
-1
 s
1
 [72]. The effect of the volume ratio of ZnO in the hybrid 
thin film affects the device performance significantly. The maximum performance was 
obtained with the devices containing 26-35 vol% ZnO [45]. Beek et al. investigated the 
impact of thermal annealing on the ZnO: P3HT solar cells. With thermal annealing, the 
performance of the cell was improved especially when the amount of ZnO is low, that is, 
the amount of polymer is high. This enhancement of the cell efficiency mainly comes 
from the increased Jsc, as a result of the enhanced crystallinity and higher hole mobility 
in P3HT phase. However, even optimized with thermal annealing with right ratio 
between ZnO and P3HT, the highest efficiency of ZnO:P3HT blended hybrid solar cell 
was 0.92% [46]. Compared to ZnO: P3HT samples, ZnO nanoparticles are well 
dispersed with smoother surface and smaller aggregates in ZnO: MDMO-PPV samples 
when the amount of ZnO is kept the same. Furthermore, with the increasing of ZnO 
amount in the ZnO: P3HT mixings, the surface roughness increases severely and the 
possibility to have shunt films increases. The roughness of ZnO: MDMO-PPV blends 
also increases with the amount of ZnO in the films, but in a less significant fashion. This 
enlarges the amount of ZnO which can be loaded in the blends and enhance the charge 
generation and separation. This is a possible explanation for the unexpected photovoltaic 
performance from the ZnO: P3HT devices [45]. With a fixed weight ratio between ZnO 
and P3HT as 1:1, Oosterhout et al. varied the thickness of the thin films from 50 nm to 
250 nm and investigated the effect of the film thickness on the device performance [49]. 
A similar conclusion was made that the relatively poor performance of thin ZnO: P3HT 
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photovoltaic device is due to coarse phase separation. But for thicker films, charge 
generation is more efficient as a result of a more favorable phase separation. In order to 
improve the dispersion stability of ZnO nanoaparticles in the polymer, n-propylamine 
was added into the blends as a stabilizing ligand. However, the residual ligands improve 
the film smoothness without enhancing the photovoltaic performance, which is due to 
the electron transfer over the interface between the inorganic nanoparticle and the 
polymer is hampered by the surfactants [45]. More detailed investigation on the 
surfactants used for improving ZnO dispersion in the polymers is reported by Rhodes et 
al. [73]. Other than MDMO-PPV and P3HT, Wong et al. reported the use of 
poly(2,7-(9,9-dioctylfluorene)-alt-5,5-(4′,7′-di-2-thienyl-2′,1′,3′-benzothiadiazole)) 
(APFO-3) as the conjugated polymer in ZnO: polymer blends [47]. The Jsc, Voc, FF, and 
η for the device were 3.1 mA cm-2, 0.510 V, 0.36, and 0.45%, in respect. The 
non-optimum morphology of the films limits the photovoltaic performance of the cell on 
the degree of exciton separation and charge transport. Recently, Han et al. investigated 
on a series of ZnO: poly (3-octylthiophene) (POT) hybrid devices with different 
proportions of ZnO with highest efficiency of 0.210% when the weight ratio of ZnO and 
POT is 2:1 [48]. The device performance of ZnO: P3HT hybrid solar cells based on 
different ZnO morphologies was reported [50]. With 70 wt% of ZnO in the blends, the 
efficiency of device based on ZnO nanorods is higher than that based on ZnO 
nanoparticles, which agrees with the results based on CdSe from Huynh et al [23]. 
The solar cell performance has been improved from bilayer structures to filling 
the pores in nanostructured metal oxide films to mix inorganic nanocrtystals with the 
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conjugated polymer, in consequence. However, even interfacial area between p-type and 
n-type materials has been enlarged by blending them together and forming the thin films, 
there are still challenges to create good dispersion of ZnO nanocrystals in the polymer 
matrix. The relatively low amount of inorganic nanocrystals in the polymer not only 
lowers the charge carrier generation but also makes it difficult to form percolation 
pathways for electrons; therefore the achievable performance is limited. To overcome 
the disadvantages, the use of a precursor of the metal oxide and convert the precursor 
into inorganic nanocrystals directly in the polymer film is introduced [74]. This method 
differs from the previous approaches that the inorganic nanocrystals are made after film 
formation, not before film formation; thus the intimate mixing is ensured. The challenge 
is still to control the morphology of the mixture, and the crystalline nature of the metal 
oxide phase after conversion. Furthermore, due to the nature of the conjugated polymer, 
not all inorganic semiconductors can be well converted from the precursor at low 
temperature. 
Beek et al. first introduced in situ ZnO: conjugated polymer bulk heterojunction 
solar cells by spin-coating a solution containing the precursor of ZnO, diethylzinc, and 
MDMO-PPV as the active layer [51]. Followed by thermal annealing at appropriate 
temperature and humidity, a crystalline ZnO network is formed in the polymer phase. 
The device gave Jsc=2.3 mA cm
-2
, Voc=1.14 V, FF= 0.42, and η= 1.1%; without 
annealing, the ZnO:MDMO-PPV mixture only gave a poor photovoltaic effect as 
Jsc=0.05 mA cm
-2
, Voc=1.15 V, and FF= 0.18. The huge difference given from devices 
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before and after annealing shows the essential of the heat treatment and the importance 
of obtaining crystalline ZnO for high performance solar cells.      
 
2.5 Vertically-aligned metal oxide nanostructures with conjugated polymers 
Creating vertically-aligned metal oxide nanostructures with respect to the 
substrate is considered to be a potential approach to overcome the problems encountered 
in the nanoparticle-based hybrid solar cells described in previous sections. Ideally, 
vertically-aligned metal oxide nanostructures can be synthesized with optimized 
dimension which is small enough for most of the excitons to reach the junction between 
inorganic and organic components; at the same time, this small enough dimension does 
not hinder the filling of the polymer into the nanostructures. By controlling the 
dimension of the vertically-aligned nanostructure, polymer chains are also allowed to 
align themselves perpendicular to the substrate. The interchain coupling is thus 
improved and leads to better exciton diffusion and charge transport in polymer [72, 75, 
76]. As for electrons, there is a more direct pathway to reach the electrode in nanorods 
than in porous nanoparticle thin films; in addition, nanorods provide fewer sites to trap 
electrons. With a more direct pathway and fewer trapping sites, electron transport in 
nanorods is tens to hundreds times faster than that in nanoparticle thin films [30, 39, 77]. 
Efficient electron transport helps minimize electron transit time from the point of 
generation to the electrode, thus lowering the recombination loss of electrons.  
Starting from a nucleation layer of ZnO, Olson et al. have hydrothermally grown 
vertically aligned ZnO nanostructures on the ITO substrate [22]. A 200 nm layer of 
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P3HT was then spin-coated from solution on top of the ZnO nanofibers, followed by 
thermal annealing at 200
o
C for 1 min. The device was finalized with thermal evaporate a 
layer of Ag top electrode. The best performance based on this device structure gave the 
photovoltaic effect with Jsc= 2.2 mA cm
-2
, Voc= 440 mV, FF= 0.56, and η=0.53%. 
Ravirajan et al. have studied charge recombination behavior and device performance of 
devices with different ZnO nanostructures and found charge recombination in cells 
based ZnO nanorods is over 2 orders of magnitude slower than cells based on ZnO 
nanoparticles [54]. An amphiphilic dye layer was applied between the ZnO 
nanostructure and P3HT to optimize interfacial electron transfer and improve the wetting 
of the ZnO surface by the polymer. The best efficiency based on ITO/ZnO NR/Z907 
dye/P3HT/PEDOT:PSS/Au was 0.20% with Jsc= 2 mA cm
-2
. Lin et al. applied a 
different dye layer, mercurochrome (C20H8Br2HgNa2O), to coat ZnO nanorods and the 
results agreed with Ravirajan et al. that the efficiency of ZnO NR/P3HT solar cell 
increased from 0.04% to 0.16% with the mercurochrome on ZnO nanorod surface [53]. 
Peiro et al. compared the power conversion efficiencies of ZnO nanorod based solar 
cells with two different polymers, P3HT and 
poly[(1,4-phenylene-(4-methylphenyl)amino-4,4′-diphenylene- 
(4-methylphenyl)amino-1,4-phenylene-ethenylene-2-methoxy-5-(2-ethylhexyloxy)-1,4-p
henylene-ethenylene)-co-(2,5-dimethoxy-1,4-phenylene-ethenylene-2-methoxy-5-(2-eth
ylhexyloxy)-1,4-phenylene-ethenylene)] (TPD(4M)-MEH-M3EH-PPV) [55]. The 
efficiencies were 0.20% and 0.15%, respectively. Olson et al. have extended the study to 
device processing parameters [56]. It is reported that thermal annealing condition affects 
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the device performance. The ZnO NR/P3HT device without annealing gave an 
efficiency of 0.23%; with thermal annealing at 150
o
C, device efficiency increased to 
0.25%; with 225
o
C annealing, efficiency was further improved to 0.28% with Jsc= 1.33 
mA cm
-2
, Voc= 443 mV, and FF= 0.484. It is also reported that the selection of solvent 
for P3HT has a significant impact on filtration of the polymer into interstitial space 
between ZnO nanorods, thus the selection of solvent also influences the performance of 
the device. By using 1, 2-dichlorobeneze as the solvent without thermal annealing, the 
device had an efficiency of 0.23%. Under the same condition, efficiency of the device 
was only 0.17% while using chloroform as the solvent for P3HT. Instead of using rigid 
ITO glass as the substrate, Unalan et al. fabricated ZnO NW/P3HT solar cells on the 
flexible polyethylene terephthalate (PET) substrate with single walled carbon nanotubes 
(SWNTs) as electrode and achieved an efficiency of 0.6% [58]. Lee et al. measured the 
surface area of ZnO nanorod with different lengths from 80 nm to 380 nm and quantified 
the effect of the surface area on the ZnO NR/P3HT devices [59]. It is found that the 
surface area of ZnO nanorod is linearly proportional to the average length. Thus longer 
nanorods provide more interfacial area and generally improve performance though the 
increase in Jsc was lower than expected due to incomplete infiltration of P3HT into 
longer ZnO nanorod arrays and longer distance from the top contact to the P3HT 
infiltrated into the ZnO nanorod arrays. It is also showed that a subtle difference in the 
ZnO nanostructure morphology can impact the crystallinity of P3HT and enhance 
photocurrent. The best device performance was achieved with Jsc= 2.91 mA cm
-2
, Voc= 
0.38 V, FF= 0.50, and η= 0.55%. In order to have an improved understanding of the 
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ZnO/polymer interface, Briseno et al. demonstrated basic operation of devices based on 
single ZnO nanowire wrapped by end-functionalized conjugated polymer [60]. The 
single nanowire/P3HT device yielded a Jsc of ~ 0.32 mA cm
-2
, Voc ~ 0.40 V, FF~ 0.28, 
and an efficiency of ~ 0.036% with P3HT thicknesses ranging from 7 to 20 nm. This 
suggests that when the thickness of P3HT is similar to its own exciton diffusion length, 
the performance of the nanowire device will not be influenced significantly.   
The reported photovoltaic performances of ZnO NR/conjugated polymer (P3HT) 
cells were not as good as expected. One of the possible reasons is that the electron 
mobility of the ZnO nanorods is too high, therefore, leads to the excess charge 
recombination at the ZnO/conjugated polymer interface. Another possible reason could 
be because the spacing between ZnO nanorods is on the order of 100 nm and therefore 
larger than the exciton diffusion length of conjugated polymer [22]. In order to 
overcome the large spacing between ZnO nanorods and dissociate more photogenerated 
excitons, Olson et al. combined PCBM into P3HT. The efficiency of the cell based on 
ZnO NR and PCBM: P3HT blend was 2.0% with Jsc= 10.0 mA cm
-2
, Voc= 475 mV, and 
FF= 0.43 [22]. Jsc was increased significantly compared to the device with neat P3HT 
since excitons can be generated not only at the interface between P3HT and ZnO but 
also at the interface between P3HT and PCBM. With addition of PCBM into P3HT, the 
large spacing between ZnO nanorods has been overcome; in addition, electrons transfer 
from PCBM to ZnO efficiently. However, it should be noticed that in this photovoltaic 
cell configuration, the major active layer is P3HT: PCBM blend. Most of the carriers are 
generated at the interface between P3HT and PCBM due to the much larger interface 
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between them. Other than an electron acceptor, the main function of ZnO nanorod is an 
electron collector and transporter. This conclusion is agreed by Takanezawa et al. by 
studying the dependence of the device performance on the ZnO nanorod length [61]. 
ZnO NR/P3HT and ZnO NR/P3HT: PCBM cells were fabricated with different ZnO 
nanorod length from 0 nm to 250 nm. The Jsc of device without PCBM increased from 
0.17 to 1.2 mA cm
-2
 linearly, while Jsc of devices with PCBM remained constant at 
around 7.5 mA cm
-2
.  The performance of the best device without ZnO nanorod yielded 
a Jsc of 9.0 mA cm
-2
, Voc of 0.52 V, FF of 0.38, and an efficiency of 1.8%; the thickness 
of active layer is about 450 nm. With the appearance of 300 nm long ZnO nanorods, the 
efficiency was significantly improved to 2.7% with Jsc= 9.6 mA cm
-2
, Voc= 0.57 V, and 
FF= 0.50. The improved performance supports that ZnO nanorods work as efficient 
carrier transport path.   
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3. SOLID-STATE DYE-SENSITIZED SOLAR CELL BASED ON 
SEMICONDUCTING NANOMATERIALS 
 
3.1 Introduction 
Dye-sensitized solar cell (DSSC) has become an emerging competitor for 
commercial applications in solar energy harvesting since its invention [8]. The energy 
conversion efficiency of DSSC can be greater than 10% [78, 79] while its cost is much 
lower than other photovoltaic technologies due to its low material cost, simple 
fabrication and ease of scaling up for large area production. However, the prospect of 
using DSSC for long-term energy harvesting is uncertain mainly due to suspect 
reliability issues caused by the TiO2 layer and the liquid redox electrolyte. The strong 
photocatalytic property of TiO2 can cause accelerated degradation of dye molecules. 
With liquid electrolyte, the device stability and the device packaging become major 
issues for commercial application [9]. In addition, liquid electrolyte makes it difficult to 
fabricate multi-cell modules [10]. One way to solve this problem is to replace the liquid 
redox electrolyte by a solid-state p-type semiconductor (SSDSSC). Recently, many 
attempts have been made by using different hole transport materials: OMeTAD [11, 12], 
pentacene [80], TPD [81], polythiophene [82], polyaniline [83] and polypyrrole [84].   
In this work, we present a SSDSSC device consisting of zinc oxide nanoparticles 
and poly(3-hexylthiophene) (P3HT) thin film. Specifically, the device is composed of a 
thin film of ZnO nanoparticles which functions as electron transport material. The ZnO 
nanoparticles are further coated with light-absorbing dyes to extend light absorption 
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range from UV range to visible light range. A p-type semiconducting polymer film 
based on P3HT or P3HT doped with XD-grade singled-walled carbon nanotube 
(XDSWNT) is then deposited on top of the dye molecules to replenish lost electrons in 
dye molecules after light absorption and charge transfer. 
 
3.2 Experimental details 
3.2.1 ZnO nanoparticle preparation 
Colloidal ZnO nanoparticles were prepared by hydrolyzation process. This 
method has been previously reported elsewhere, only a brief summary is given here [13]. 
Sixteen mmol of KOH (99.99%, Sigma-Aldrich) was dissolved in 150 ml methanol at 
60
o
C with refluxing and stirring for 5 min, followed by addition of 8 mmol of zinc 
acetate dihydrate (Zn(Ac)2∙2H2O) (99%, Fluka) in 50 ml methanol. This mixture was 
refluxed and stirred at 60
o
C for 2 hours. The ZnO colloids were then concentrated from 
200 ml to 20 ml at 60
o
C by rotary evaporation under vacuum. TEM image shows the 
average particle size is 5 nm [85].  
 
3.2.2 Device preparation 
Fluorine-doped SnO2 glass (resistivity=15Ω/□, Solaronix) was cleaned by 
acetone and isopropyl alcohol (IPA), and then placed in a glass container (100 ml, 
Pyrex). White ZnO nanoparticles were precipitated after adding methanol, hexane, and 
IPA at a volume ratio of 1:5:1 into the concentrated ZnO methanol suspension. In order 
to form a 10-μm thick film, the volume of ZnO methanol suspension was chosen to be 1 
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ml from previous experiments. The mixture was then kept at 60
o
C overnight until the 
ZnO nanoparticles were fully precipitated and settled on the SnO2 glass. Once ZnO thin 
film was formed, the sample was taken out of the glass container and dried in air. Figure 
3 shows the SEM image of the ZnO thin film. The porosity of the film provides a large 
surface area for dye attachment. 
 
 
Figure 3. SEM image of ZnO thin film. (Courtesy of Xi Zhang.) 
 
In order to remove residual solvents and residual acetates on ZnO surface, the 
film was annealed in air at 450
o
C for 1 hour. XPS spectra (Kratos Axis Ultra Imaging 
X-ray photoelectron spectrometer) were collected before and after film annealing to 
compare the impurity level. The binding energies were calibrated with respect to the 
signal for carbon (binding energy = 284.8 eV). Figure 4(a) shows the O1s peak before 
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and after 450
o
C annealing. The shoulder peak at about 530 eV is due to acetate impurity 
at the surface of ZnO nanoparticles. The peak at about 528.7 eV is due to the bonding of 
zinc and oxygen. After annealing, the peak that represents the acetate impurity dropped 
significantly (Figure 4(b)). The weight concentration of carbon was shown to decrease 
from 15% to 5% after annealing.  
The dye used in this work was RuL2(NCS)2, L=2,2'-bibyridyl-4, 4'-dicarboxylic 
acid, also known as the N3 dye (Solaronix). ZnO films were soaked in 0.5mM of dye in 
ethanol at room temperature for different loading times. Then, the dye-adsorbed ZnO 
thin film was immersed in ethanol to remove excess dyes.   
For optimal device performance, a monolayer of dye loading on ZnO surface is 
preferred. To determine the appropriate dye loading time, XPS spectra were acquired for 
samples after soaking ZnO films in dye solution for 5 min, 30 min, 2 h, and 24 h. XPS 
spectra were also collected for pristine ZnO film and pure N3 dye for comparison. For 
the 24-h dye-loading sample, the intensity of Zn2p peak dropped significantly. This 
indicates ZnO nanoparticles were wrapped by more than one layer of dyes. The C1s 
peak after 24-h dye loading closely resembles the pure N3 dye, which is consistent with 
Zn2p peak change. Similar trend was also observed in O1s peaks. In all spectra, the 
30-min and 2-h dye loading samples show almost the same spectra and are clearly 
different from the 24-h dye-loading sample. The above finding suggests that a 30-min 
dye loading time is enough for having a monolayer of dyes adsorbed on the surface of 
the ZnO nanoparticles. 
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Figure 4. XPS spectra of ZnO thin film: (a) O1s peak of the thin film before and after 
450
o
C annealing; (b) Quantification analysis of C1s, O1s and Zn2p peaks before and 
after annealing. 
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Figure 5. Transmittance spectra of ZnO film before and after 30 min dye loading. 
 
To evaluate the light absorption of the ZnO thin film with 30-min of dye loading, 
UV-vis-NIR (Hitachi U-4100 UV-vis-NIR spectrophotometer) transmission spectrum 
was acquired. Figure 5 shows the transmittance of a 10-μm thick ZnO thin film before 
and after 30 min of dye loading. The transmission for pure ZnO thin film is around 50% 
for the visible light. The low transmission in the visible wavelengths is due to the 
scattering of light by the ZnO nanoparticle aggregates. UV-vis-NIR absorption spectrum 
of dilute ZnO nanoparticle suspension indicates no absorption in the visible range. It is 
noteworthy to point out that the light scattering within ZnO film is beneficial for light 
trapping and absorption. With dye loading, 85% of visible light was absorbed by the film 
at 520 nm, which is the absorption peak of N3 dye. 
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Two sets of hole transport material systems were used.  The first one is a 
commonly used p-type semiconducting polymer, poly(3-hexylthiophene) (Mw~64000, 
Sigma-Aldrich). P3HT was dissolved in 1,2-dichlorobenzene (99%, Sigma-Aldrich) with 
a concentration of 20 mg ml
-1
. The second hole transport material was P3HT with 
addition of XDSWNT. Before mixing with P3HT in 1,2-dichlorobenzene, XDSWNTs 
were purified by sulfuric and nitric acid in a volume ratio of 3:1, filtered by distilled 
water, and kept in oven at 80
o
C until totally dried. The weight ratios of XDSWNT: 
P3HT were 1:1, 0.1:1, 0.01:1, and 0.001:1 with concentration of P3HT fixed at 20 mg 
ml
-1
 in 1,2-dicholorobenzene. From the particles on the sidewall of the glass vial, the 
sample with weight ratio of XDSWNT: P3HT = 1:1 was not fully wrapped by P3HT and 
was not fully dispersed in 1,2-dichlorobenzene, leading to visible aggregates. For the 
other three samples, there was no aggregation observed and good dispersion of 
XDSWNT in P3HT was achieved. P3HT solutions were then dropped on dye-coated 
ZnO film by volume-adjustable pipette and followed by annealing at specific 
temperature in vacuum oven for 2 h. To complete the device fabrication, a layer of 
100-nm thick Au was thermally evaporated on top of the device through a shadow mask. 
The active area of the devices was 0.04 cm
2
. 
 
3.2.3 Solar cell characterization 
To evaluate device performance, the fabricated SSDSSCs were illuminated by a 
standard solar simulator at AM 1.5G condition (100 mW cm
-2
). The current 
density-voltage (J-V) characteristics were acquired by a Keithley 2400 sourcemeter 
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controlled by a Labview data acquisition program. The short-circuit current density, 
open-circuit voltage, and device efficiency were extracted from the J-V curves. 
 
3.3 Results and discussion 
3.3.1 Effect of P3HT thickness and annealing on device performance 
P3HT is a p-type semiconducting polymer with a glass transition temperature (Tg) 
of around 130
o
C. The electrical and optical properties of P3HT film are determined by 
the internal polymer chain conformation. P3HT is a semicrystalline material and thermal 
annealing can increase the crystallinity of the P3HT thin films for better charge transport. 
In order to investigate the annealing temperature effect on solar cell efficiency, three 
different temperatures at below, around, and above Tg of P3HT, i.e., 150°C, 180°C, and 
210°C were chosen. The thickness of P3HT was fixed at 1.5 μm. All samples were 
annealed in vacuum oven for 2 h. A P3HT thin film was also dried in air for 1 day 
without annealing for comparison.   
Figure 6 shows the measured J-V characteristics of the SSDSSCs. The sample 
without P3HT annealing was not stable due to residual solvent in P3HT film. For other 
samples, which were annealed at different temperature, 150
o
C annealing gave the best 
result. Then, both open-circuit voltage and short-circuit current decreased with 
increasing annealing temperature. The result obtained here is contradictory to our 
expectation, which may be related to interactions between ZnO, dye molecule and P3HT 
at elevated temperatures. The physical meaning of this unexpected trend is still under 
investigation. 
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Figure 6. J-V characteristics of SSDSSCs with P3HT annealing temperature at 150
o
C, 
180
o
C, 210
o
C. 
 
The ZnO nanoparticle thin film is expected to exhibit a rough surface. To 
determine the surface roughness of the thin film, a laser confocal microscopy (Keyence 
VK-9700) was performed on the 10-μm ZnO thin film with 30 min of dye coating. The 
surface roughness (Ra) was found to be around 1 μm. In order to investigate how the 
surface roughness of the film affect solar cell efficiency, the J-V curves of four sets of 
samples with different P3HT thicknesses of 0.5 μm, 1 μm, 1.5 μm, and 2 μm were 
generated.  All samples were annealed at 100
o
C for 2 h in vacuum oven after P3HT 
deposition. 
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Figure 7 shows the J-V curves of the solar cells with different P3HT thickness.  
Samples with 0.5 μm P3HT failed to work as a photovoltaic device due to internal short 
circuit. This is likely because gold electrode coating could make direct contact with ZnO 
if the thickness of P3HT cannot overcome the surface roughness of the ZnO thin film. 
For the other three samples with P3HT thicknesses of 1.0 µm, 1.5 μm and 2 μm, they 
gave similar open-circuit voltage and short-circuit current, but the 1.5 μm device has a 
better fill factor. This result may be explained by the low carrier mobility of P3HT. The 
carrier transit time and carrier trapping in the P3HT layer will increase when P3HT film 
becomes thicker. As a result, once the thickness of the hole transport material can 
compensate the surface roughness of the ZnO thin film, the thinner of the p-type material 
the better the solar cell will perform.     
 
3.3.2 Effect of XDSWNT doping on device performance  
Even though efforts were put on modifying the annealing temperature and varying 
the P3HT thickness, short-circuit current in all SSDSSC was still low. In order to 
improve charge transport and enhance short-circuit current, XDSWNTs were added into 
P3HT at a weight ratio of 1:1, 0.1:1, 0.01:1, and 0.001:1, respectively. Figure 8(a) 
shows the J-V curves for samples of different weight ratios. The sample with a weight 
ratio of XDSWNT: P3HT = 1:1 was short and cannot be used as a solar cell device. The 
amount of P3HT was not enough to wrap XDSWNTs by π-π bonding in this weight ratio 
and the high conductivity of XDSWNTs causes internal short circuit. For the other three 
samples, the amount of P3HT was enough to wrap all the XDSWNTs and showed no 
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short circuit. Figure 8(b) shows the trend lines of open-circuit voltage and short-circuit 
current as a function of the XDSWNT/P3HT weight ratio. The trend line shows that 
short-circuit current went higher with increasing XDSWNT content. By comparing 
between the neat P3HT to a weight ratio of XDSWNT: P3HT = 0.01:1, the short-circuit 
current increased by four times. At the same time, open-circuit voltage dropped around 
24%. 
 
Figure 7. J-V characteristics of SSDSSCs with different P3HT thickness. 
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Figure 8. (a) J-V characteristics of SSDSSCs with different weight ratio of XDSWNT 
and P3HT; (b) The trend line of open-circuit voltage (Voc) and short-circuit current 
density (Jsc) with different weight ratio of XDSWNTs and P3HT. 
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Table 2 summarizes the results from different weight ratios of XDSWNT and 
P3HT. Samples with 0.1:1 of XDSWNT: P3HT gave the best efficiency. At this weight 
ratio, the efficiency of the SSDSSC increased three times compared to that of samples 
without XDSWNT. In conclusion, as long as the amount of P3HT is enough to wrap all 
the XDSWNT in the solution, more XDSWNT in the mixture can lead to higher 
short-circuit current and improves the solar cell efficiency significantly. 
 
Table 2. The device characteristics of SSDSSCs with different weight ratio of 
XDSWNT and P3HT 
 XDCNT : P3HT (in weight ratio) 
  0:1 0.001:1 0.01:1 0.1:1 
Voc (V) 0.58 0.48 0.51 0.44 
Jsc (mA cm
-2
) 0.12 0.15 0.41 0.48 
Pmax (μW) 0.92 0.98 2.60 2.80 
FF 0.33 0.34 0.31 0.33 
η (%) 0.023 0.025 0.065 0.070 
 
 
3.4 Summary 
In summary, we have successfully fabricated ZnO-based SSDSSC with P3HT as 
hole transport material. The effect of the P3HT annealing temperature and the P3HT 
film thickness on device efficiency was investigated. The overall energy conversion 
efficiency achieved in this work was 0.023% with pristine P3HT. With addition of 
XDSWNT into P3HT, open-circuit voltage dropped slightly, but short-circuit current 
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increased by several times. By having weight ratio of XDSWNT and P3HT at 0.1:1, the 
short-circuit current was quadrupled and the device efficiency was tripled to reach 
0.07%, compared to devices without XDSWNT doping. However, the efficiency of 
ZnO-based SSDSSC is still very low even for device doped with XDSWNT. Compared 
to reported DSSCs, the major issue in ZnO-based solar cell is its very low short-circuit 
current density. To improve the efficiency of our SSDSSCs, further investigation on 
ZnO properties and improvement on device configuration are needed. These include the 
characterization of the electrical properties of the ZnO nanoparticle thin film, such as 
carrier mobility and lifetime and charge trap densities, and improvement of carrier 
mobility of hole transport polymers.   
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4. SOLID-STATE DYE-SENSITIZED SOLAR CELLS BASED ON ZNO 
NANOPARTICLE AND NANOROD ARRAY HYBRID PHOTOANODES 
 
4.1 Introduction 
       The rapidly increasing fossil fuel consumption and excessive greenhouse gas 
emissions have put significant pressure on the already-exhaustive global energy demand 
and needs for environmental protection. The global growing demand for energy and for 
protecting our environment can potentially be met by solar cell technology. Although the 
solar cells technology has not yet been in large-scale utilization because of its high cost 
and insufficient conversion efficiencies in the past, recent advances in nanomaterial and 
device technologies have offered new opportunities for it to become competitive to fossil 
fuels. Among the diverse photovoltaic devices, the dye-sensitized solar cells (DSSCs) 
technology has made enormous progresses and is highly competitive for large-scale 
commercial fabrication.  
DSSCs have emerged as an attractive choice for solar energy harvesting since 
their invention [8]. The critical component in DSSCs is the photoanode, which is 
typically composed of a porous TiO2 or ZnO nanoparticle film with dye molecules 
adsorbed onto its surface. To achieve high performance, the photoanode needs to possess 
a large surface area and good electron transport capability. A TiO2 or ZnO nanoparticle 
film provides a large enough surface area; however, electron transport is difficult 
because of the need for electrons to hop across neighboring nanoparticles. Moreover, it 
is well-known that semiconducting particle surfaces are prone to form defects that can 
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act as electron trapping centers. The presence of these surface traps is detrimental to 
electron transport because trapping/detrapping events are unavoidable during electron 
diffusion through the disordered nanoparticle network [86-88]. By altering the 
morphology of the photoanode, electron transport pathways may be designed to improve 
electron collection.  
DSSCs based on dense ZnO nanowire/nanorod arrays have been reported to 
exhibit improved electron transport efficiency [30]. Intensity modulated photovoltage 
and photocurrent spectroscopies have revealed that photoanode-based on ZnO nanorod 
arrays exhibit two orders of magnitude faster electron transport while retaining similar 
electron recombination time compared to photoanodes based on nanoparticles [77]. 
However, the photocurrents and the efficiencies of the nanowire/nanorod-based DSSCs 
are limited by insufficient surface area for dye adsorption [30]. To further improve the 
performance of DSSCs, various ZnO structures, such as branch structure [20], 
nanoflower [36], and hybrid nanowire/nanoparticle [20, 89, 90] have been employed as 
the photoanodes to achieve fast electron transport while maintaining a large surface area 
for dye coating. 
Despite their high efficiency, DSSCs based on liquid electrolyte have reliability 
issues caused by the liquid redox electrolyte. Device instability and the need for good 
device packaging have become major hurdles for commercial application of DSSCs [9]. 
Furthermore, liquid electrolyte based solar cells cannot be easily fabricated into multicell 
modules [10]. One way to address this manufacturing difficulty is to replace the liquid 
redox electrolyte by a solid-state hole transport material, typically a p-type conjugated 
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polymer. Recently, many attempts have been made by using different hole transport 
materials, such as OMeTAD [11, 12], pentacene [80], poly(triphenyldiamine) [81], 
polythiophene [82], and poly(3-hexylthiophene) (P3HT) [13], along with dye-loaded 
porous nanoparticle films. Solid-state DSSCs with ZnO nanorod arrays as photoanodes 
and different conjugated polymers as hole transport material have also been reported 
with efficiencies of ~0.20% [54, 55].  
In this work, we, to the best of our knowledge, for the first time explore the use 
of ZnO nanorod and ZnO nanoparticle hybrid electrodes for solid-state DSSCs. We 
fabricated solid-state DSSCs by using ZnO nanoparticles to fill the interstitial voids 
between ZnO nanorod arrays as the photoanode, hoping to further improve the efficiency 
of the solid-state DSSC device. The ZnO nanorod arrays serve as direct pathways for 
fast electron transport, and the ZnO nanoparticles filled in the interstitial space of ZnO 
nanorods offer a large surface area for dye adsorption. Using this hybrid 
nanorod-nanoparticle structure, a significant improvement in performance has been 
achieved. The effects of the ZnO photoanode morphology on the solid-state DSSC’s 
performance are discussed. 
 
4.2 Experimental methods 
4.2.1 ZnO nanoparticle synthesis  
Colloidal ZnO nanoparticles with nearly uniform diameters of 5 nm were 
prepared by hydrolyzation process. This method has been previously reported elsewhere 
[85], only a brief summary is given here. Sixteen mmol of KOH was dissolved in 150 ml 
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methanol at 60
o
C with refluxing and stirring for 5 min, followed by addition of 8 mmol 
of zinc acetate dihydrate (Zn(Ac)2∙2H2O) in 50 ml methanol. This mixture was refluxed 
and stirred at 60
o
C for 2 h. The ZnO colloids were then concentrated from 200 ml to 20 
ml at 60
o
C by rotary evaporation under vacuum. After adding 100 ml of hexanes and 20 
ml of isopropyl alcohol, the mixture was kept at 0
o
C overnight. ZnO precipitate was then 
redispersed in methanol with the removal of the supernatant. 
 
4.2.2 Device fabrication  
Fluorine-doped tin oxide glass substrates (FTO, 15 Ω/square) were cleaned by 
acetone and isopropyl alcohol and coated with a thin layer of ZnO nanoparticles by 
drop-casting in methanol and annealed at 300
o
C for 10 min. ZnO nanorods were grown 
by immersing seeded substrates in aqueous solutions containing 0.05 M zinc nitrate 
hexahydrate (Zn(NO3)2∙6H2O) and 0.05 M methenamine (C6H12N4) at 95
o
C for 90 min. 
Subsequently, the nanorod array thin films were rinsed with deionized water and dried in 
air at the same temperature. Formation of the ZnO nanoparticles in the interstices of the 
ZnO nanorod arrays was carried out by drop-casting low concentration ZnO 
nanoparticles in methanol. For nanoparticle photoanodes, ZnO nanoparticles were 
drop-casted on the seeded substrates to meet the length of nanorod arrays. After 
annealing at 300
o
C for 30 min, zinc oxide photoanodes were sensitized in a 0.5 mM 
solution of RuL2(NCS)2, L=2,2'-bibyridyl-4,4'-dicarboxylic acid (N3 dye) in ethanol at 
room temperature for 30 min. Then, the dye-adsorbed ZnO thin films were immersed in 
ethanol to remove excess dyes. Regioregular poly(3-hexylthiophene) (P3HT) was 
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dissolved in 1, 2-dichlorobenzene and used as hole transport material. A thin layer of 
P3HT was spin-coated onto dye-loaded photoanodes with a concentration of 0.5 mg ml
-1
 
at 200 rpm. Another layer of P3HT was then spin-coated onto the films with a 
concentration of 20 mg ml
-1
 at 800 rpm. After spin-coating, devices were annealed in a 
vacuum oven at 150
o
C for 30 min. Finally, 100 nm thick gold contacts were thermally 
evaporated through a shadow mask. The active area of the devices was 2.25 mm
2
. 
 
4.2.3 Solar cell characterization 
The crystal orientation of nanorod arrays and nanoparticles were recorded by an 
XRD (Bruker D8 Discover with Cu Kα radiation operated at 40 kV, 40 mA). The 
morphologies of the photoanodes were characterized using field emission scanning 
electron microscopy (FE-SEM) (JEOL JSM-7500F operated at 10 KeV). To evaluate the 
light absorption of the dye-loaded ZnO photoanodes, UV-vis-NIR (Hitachi U-4100 
UV-vis-NIR spectrophotometer) spectra were acquired in absorption mode. To evaluate 
solar cell performance, the fabricated devices were illuminated under a standard solar 
simulator at AM 1.5 condition (100 mW cm
-2
) with current density-voltage (J-V) 
characteristics acquired by a Keithley 2400 sourcemeter.  
 
4.3 Results and discussion 
The degree of crystal orientation of ZnO nanorod arrays and nanoparticles were 
determined by X-ray diffraction (XRD) spectrum as shown in Figure 9. The dominant 
peak for randomly oriented ZnO powders is at 36.2° and corresponds to (101) plane. For 
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nanorod arrays, the strong diffraction peak seen at 34.4° corresponds to the ZnO (002) 
plane. The enhanced (002) peak indicates the ZnO nanorods grow along c-axis and 
perpendicular to the substrate. 
 
 
Figure 9. X-ray diffraction patterns of the ZnO nanorod arrays and ZnO nanoparticles. 
 
The schematic and field emission scanning electron microscopy (FE-SEM) 
images of solid-state DSSCs based on four different ZnO photoanode morphologies are 
shown in Figure 10. Figure 10(a) shows the schematic of the solar cell based on ZnO 
nanorod arrays, denoted as sample 1. Sample 2 contains a hybrid ZnO structure in which 
ZnO nanorod arrays are partially filled with ZnO nanoparticles (Figure 10(b)). Sample 3 
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possesses a hybrid ZnO structure in which the interstitial voids between nanorod arrays 
are fully filled by ZnO nanoparticles (Figure 10(c)). The difference between sample 2 
and sample 3 is the amount of nanoparticles in the interstices between the nanorods. 
sample 4 is a photovoltaic device based on ZnO nanoparticles alone (Figure 10(d)). 
Figure 10(e)(f)(g)(h) shows the corresponding FE-SEM images of ZnO photoanodes 
before dye loading. The average diameter of ZnO nanoparticles is 5 nm. The thickness 
of the ZnO seed layer for nanorod growth is about 100 nm. ZnO nanorods have a 
diameter in the range of 30 to 40 nm, and are about 250 nm in length. The thickness of 
the ZnO thin film in sample 4 is kept the same as the length of ZnO nanorods in samples 
1 to 3. Solar cells with the four photoanode morphologies are investigated to illustrate 
the factors that affect the solar cell performance. 
Electron transport is much more efficient in single crystal nanorods than in 
particulate thin films. First, there is a direct pathway for electrons to reach the electrode 
through nanorods. In addition, nanorods have smaller surface-to-volume ratio compared 
to nanoparticles, thus possessing fewer surface defect states that trap electrons. 
Therefore, electrons have a much higher mobility and can travel through nanorods tens 
to hundreds times faster than that through thin films composed of nanoparticles.[30, 39, 
77] Efficient electron transport helps shorten the time needed for electron to travel to the 
electrode, thus lowering probability of the recombination loss of electrons.  
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Figure 10. Schematics and FE-SEM images for solid-state DSSCs with different 
photoanode morphologies. Schematics of device based on (a) nanorod array photoanode 
(sample 1), (b) nanorod array photoanode with nanoparticles partially filling the 
interstices (sample 2), (c) nanorod array photoanode with nanoparticles fully filling the 
interstices (sample 3), (d) nanoparticle photoanode (sample 4). Blue rectangles represent 
ZnO nanorods, blue dots represent ZnO nanoparticles, red dots represent N3 dyes, the 
grey film represents P3HT, and the yellow film represents gold. FE-SEM images of 
photoanodes for (e) sample 1, (f) sample 2, (g) sample 3, (h) sample 4. The scale bar is 
100 nm for all SEM images.  
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Figure 10. Continued. 
 
However, ZnO photoanodes based on nanorod arrays suffer from limited surface 
area that can absorb dye molecules for efficient light harvesting when compared to the 
electrodes based on nanoparticles. By filling the interstitial space between nanorods with 
5-nm-size ZnO nanoparticles, the total surface area of ZnO photoanodes can be greatly 
increased. Light absorption of the device can thus be increased without compromising 
efficient electron transport of ZnO nanorod arrays. Furthermore, compared to more than 
thousand times hopping in a particulate thin film, electrons injected from dye molecules 
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into nanoparticles can reach ZnO nanorods, and then the electrode, just by hopping 
across a few nanoparticles [20, 91]. By minimizing the number of interparticle hoppings, 
the carrier recombination can be greatly reduced. Consequently, it is anticipated that, 
with increasing number of dye molecules on ZnO surfaces and with less recombination 
of electron-hole pairs by using the hybrid ZnO nanorod-nanoparticle photoanode 
morphologies shown in Figure 10(b) and Figure 10(c), large photocurrents can be 
generated while maintaining a high open-circuit voltage. 
In this study, we use N3 dye as the light-absorbing material for the device. Even 
though P3HT can also function as the light-absorbing component, its main function is to 
transport holes in the device. Two layers of P3HT were spin-coated on top of the 
dye-loaded ZnO photoanode. The first spin-coating with diluted P3HT solution provides 
good wetting of the ZnO photoanode, while the second spin-coating with concentrated 
P3HT solution deposits a thick enough film to smooth out the surface irregularity of 
ZnO photoanode to prevent electrode shorting. Without spin-coating the diluted P3HT as 
the first layer, voids can be formed between ZnO photoanode. Figure 11 shows the 
expected energy levels of the materials from reported values in literature [19, 92, 93]. 
The conduction band of ZnO is lower than the lowest unoccupied molecular orbital 
(LUMO) level of N3, enabling electron transfer from N3 to ZnO. Although the LUMO 
level of the P3HT is similar to that of N3, the difference between the LUMO level of 
P3HT and the N3 dye is much smaller than the difference between the conduction band 
of ZnO and the LUMO level of the N3 dye. Accompanied with very low electron 
mobility in P3HT, majority of electrons are expected to be injected from N3 to ZnO. 
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Figure 11. A schematic of the energy level diagram of the FTO/ZnO/N3/P3HT/Au 
device. 
 
ZnO solar cells with structures described in Figure 10 were characterized by 
measuring the current density-voltage (J-V) behavior under air mass (AM) 1.5 condition. 
Figure 12 shows typical J-V curves of the devices with different morphologies. Table 3 
summarizes short-circuit currents (Jsc), open-circuit voltages (Voc), fill factors (FF), and 
overall energy conversion efficiencies (η) for devices based on various photoanode 
morphologies.  
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Figure 12. Current-voltage characteristics of FTO/ZnO/N3/P3HT/Au devices based on 
different ZnO photoanodes. 
 
Table 3. Device parameters for solid-state DSSCs with different ZnO morphologies 
based on three batches of samples. 
Sample Jsc (mA cm
-2
) Voc (V) FF η (%) 
1 0.72±0.12 0.46±0.06 0.38±0.02 0.13±0.02 
2 1.27±0.16 0.50±0.07 0.39±0.01 0.25±0.01 
3 1.52±0.04 0.56±0.01 0.40±0.01 0.34±0.02 
4 1.86±0.11 0.32±0.03 0.31±0.03 0.19±0.01 
 
 
Jsc is determined by the initial number of photogenerated carriers and the 
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devices are composed of the same materials, it is assumed that the electron injection 
efficiency from N3 dye to ZnO photoanode is the same for all morphologies. Thus, the 
differences in Jsc values from the devices are due to the initial number of photogenerated 
carriers, which is proportional to the light-harvesting capability of the dye-loaded ZnO 
electrode. Optical absorption spectra of dye-loaded ZnO photoanodes show the variation 
in light absorption capability of different ZnO structures. In Figure 13, all the samples 
exhibit an intrinsic absorption with similar absorption intensity below 380 nm, which is 
due to the band gap absorption in ZnO. On the other hand, significant variation in light 
absorption capability at wavelengths above 380 nm is mainly originated from the density 
of the dye molecules on the ZnO surfaces and is related to the photoanode morphology. 
It should be noted that the absorption peak of N3 dye is centered at around 520 nm. 
Among four different ZnO thin film morphologies, the device based on sample 4 has the 
highest absorption intensity, followed by sample 3, sample 2, and sample 1. This 
absorption intensity corresponds to the total internal surface area of the ZnO film. The 
optical spectra illustrate that more effective photon capturing is achieved in the visible 
light region with larger total surface area of the ZnO photoanode because more N3 dyes 
can be adsorbed onto the film. With the largest internal surface area and the highest 
amount of N3 dye, sample 4 has the highest Jsc, followed by the devices based on sample 
3, 2, and 1. Their corresponding current densities are 1.86 mA cm
-2
, 1.52 mA cm
-2
, 1.27 
mA cm
-2
, and 0.72 mA cm
-2
, respectively.   
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Figure 13. Optical absorption of ZnO photoanodes with 30 min dye loading. 
 
Sample 1 has a Voc of 0.46 V compared to 0.32 V for sample 4. The increase in 
the Voc indicates that the electron-hole recombination rate is lower in sample 1 than in 
sample 4 [94]. This is possibly resulted from differences in electrical properties between 
ZnO nanoparticles and nanorods, and from the faster electron transport in nanorods. 
With even higher Voc from sample 2 and sample 3, which are 0.50 V and 0.56 V, 
respectively, it is anticipated that nanorods do improve electron transport compared to 
porous films composed of nanoparticles. In sample 2 and sample 3, electrons generated 
from dye-coated nanoparticles adjacent to nanorods need only one single hop to reach 
nanorods. As for electrons generated from other dye-coated nanoparticles, the number of 
hops becomes more than one, but this number of hops is still much less than that in 
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sample 4. As a result, nonorods provide efficient transport pathways for electrons 
coming from surrounding nanoparticles, which reduces the total travel distance for 
electrons, and thus the chances of electron recombination during transport. Another 
possible reason is that by filling the voids between nanorods with nanoparticles, the 
amount of light absorption by P3HT is reduced. Light absorbed in P3HT generates 
excitons with short diffusion lengths, and most of the excitons will eventually recombine 
if they are not located very close to the P3HT-ZnO interface. In samples 2 and 3, fewer 
excitons are generated in P3HT because the P3HT layer is located behind the dye-loaded 
ZnO nanoparticles. This will generate more useful photo-carriers and increase Voc. 
The fill factors of samples 2 and 3 are 0.39 and 0.40, respectively, which are 
approximately the same as the FF of Sample 1. The FFs of the devices based on hybrid 
photoanodes are higher than that of the nanoparticle-based device, which is only 0.31. 
Again, this indicates that nanorod arrays serve as efficient transport pathways for 
electrons, and the parasitic losses in the devices containing nanorod arrays are lower 
than those containing nanoparticles only. As a result, sample 3 has the highest overall 
energy conversion efficiency, followed by sample 2, sample 4, and sample 1 with their 
respective efficiency of 0.34%, 0.25%, 0.19%, and 0.13%.   
While Jsc, Voc, FF, and η are well accepted indicators for solar cell performance, 
additional information can be obtained by analyzing the entire J-V curve. We analyzed 
the measured J-V characteristics using the lumped circuit model for solar cell and find 
the diode parameters following the approach described elsewhere [94, 95]. The current 
equation for a solar cell device under illumination can be expressed as: 
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J=Jo exp  
q
AkT
 V  J   GV J                                        (1) 
 
where J and V are the diode current density and voltage, Jo is the diode reverse saturation 
current density, q is the electron charge, A is the diode quality factor, k is the Boltzmann 
constant, T is temperature, R is the series resistance, G is the shunt conductance, and JL 
is the photocurrent density. Diode parameters can be determined from the standard J-V 
curve shown in Figure 12 along with plots shown in Figure 14.  
 
 
Figure 14. Diode parameters of FTO/ZnO/N3/P3HT/Au devices based on different ZnO 
photoanodes. (a) dJ/dV versus V for shunt conductance (G) characterization. (b) dV/dJ 
versus (J+Jsc)
-1
 for the determination of serious resistance(R) and diode ideality factor 
(A). (c) J+Jsc-GV versus V-RJ for the determination of reverse saturation current (Jo). 
0 
1 
2 
3 
4 
5 
6 
7 
8 
-0.5 -0.3 -0.1 0.1 0.3 
d
J
/d
V
 (
m
S
/c
m
2
) 
V (V) 
Sample 1 
Sample 2 
Sample 3 
Sample 4 
(a) 
54 
 
 
 
 
 
Figure 14. Continued. 
 
The value of G can be extracted from Figure 14(a), where dJ/dV versus V is 
plotted. For an efficient solar cell, the value G should be as small as possible to prevent 
internal leakage of current through the cell. This leakage limits the FF of the device. 
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Calculated values of G are listed in Table 4. Sample 1 has the lowest value of G, which 
equals to 0.5 mS/cm
2
. With increasing amount of nanoparticles used in the device, the 
value of G increases. As a result, sample 4 gives the largest value of G, 3.8 mS/cm
2
, and 
has the largest amount of leakage current through the cell. 
By plotting dV/dJ vs (J+Jsc)
-1
 in Figure 14(b), the value of series resistance can 
be obtained. Same as G, for an efficient solar cell, R should be as small as possible. 
From Table 4, sample 1 has the lowest value of R, 1.06  cm2, and sample 4 gives the 
largest value of R, 4.41  cm2.  
 
Table 4. List of diode parameters for solid-state DSSCs with different ZnO 
morphologies. 
Sample G (mS cm
-2
) A R (Ω cm2) Jo (mA cm
-2
) 
1 0.5 3.72 1.06 1.92x 10
-3
 
2 1.1 2.56 1.93 6.67x 10
-5
 
3 1.3 1.95 1.45 4.01x 10
-6
 
4 3.8 3.07 4.41 4.03x 10
-3
 
 
 
The ideality factor A and the reverse saturation current Jo can help understanding 
the recombination mechanism of the devices. When A is close to 1, the limiting 
recombination mechanism is the recombination in the charge neutral region. When A is 
close to 2, the limiting recombination mechanism is the recombination in the 
space-charge region. When A is larger than 2, additional recombination mechanisms are 
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incorporated [94]. If we consider values for A calculated from Figure 14(b), as listed in 
Table 4, samples 1, 2, and 4 all have the value of A larger than 2 and the ideality factor 
is as high as 3.72 for sample 1. In devices based on these three photoanode morphologies, 
tunneling recombination for trapped electrons and holes is a significant recombination 
mechanism. ZnO nanoparticle surfaces and disordered P3HT thin film are full of defects 
that behave as traps for charges. Trapped electrons have higher chances of geminate 
recombination with trapped holes by tunneling back to the original molecules [96]. The 
value of A for sample 3 is only 1.95, which suggests space-charge region recombination 
is more significant than tunneling recombination in this sample. The fast removal of 
electrons in ZnO nanoparticles through nanorod arrays may be the reason for low 
tunneling recombination. 
Figure 14(c) shows a semi-logarithmic plot of J+Jsc-GV against V-RJ. The value 
of Jo is again calculated from the plot and is listed in Table 4. For sample 1 and sample 4, 
Jo= 1.92x10
-3
 and 4.03x10
-3
, respectively. For samples 2 and 3, Jo decreases by two to 
three orders of magnitude to 6.67x10
-5
 and 4.01x10
-6
, respectively.
 
Overall Jo decrease is 
due to decreased defect density and less carrier recombinations. 
Although the values of G and R from sample 3 are not the lowest ones, they are 
in an acceptable range compared to the other three samples. Sample 3 has the lowest A 
and Jo as a result of having the lowest carrier recombination rate in all samples. By 
analyzing the values of G, R, A, and Jo, it is reasonable to state that sample 3 gives the 
best performance and this agrees with the results from η. It is also reasonable to suggest 
that by using nanorod arrays longer than 250 nm as scaffold for the device may bring 
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even higher efficiency. With longer nanorods, more interstitial space can be occupied by 
ZnO nanoparticles. Thus, more dyes can be loaded onto the ZnO surface. At the same 
time, though the length of the nanorod arrays is different, the distance between each ZnO 
nanorod is still in the similar range and charge recombination can be reduced efficiently. 
Despite the efficiency improvement with the use of hybrid photoanodes, the solar 
cell efficiencies obtained in this work are still low compared to similar devices made of 
TiO2. Lower efficiency is almost universally observed in ZnO-based solar cells in 
published work, so properties directly related to ZnO nanomaterials are most likely the 
efficiency-limiting factors. These could be high-density defects on the surfaces of ZnO 
nanomaterials, which trap charges and lead to step-wise electron-hole recombination 
through mid-bandgap defect energy levels. Additionally, oxygen molecules absorbed at 
the surface of ZnO nanomaterials can serve as efficient exciton quenching centers. 
Further experiments are needed to investigate those factors and to shed light on the root 
cause of lower efficiency in ZnO-based solar cells. 
 
4.4 Conclusion 
Solid-state DSSCs based on various morphologies of ZnO photoanodes with N3 
dye as the light absorbing material and P3HT as the hole transport material have been 
fabricated. The effect of the morphology of the ZnO photoanodes has been investigated. 
Short-circuit current increases with the amount of ZnO nanoparticles in the photoanode 
due to large surface area for dye loading. Compared to pure nanoparticle photoanode, 
Voc increases with the presence of ZnO nanorod arrays due to faster electron transport 
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and less charge recombination. The overall conversion efficiency of the solid-state 
DSSC based on ZnO nanorod arrays is 0.13%. By fully filling the interstitial voids of the 
nanorod arrays with 5 nm size ZnO nanoparticles, the device efficiency increases 
significantly to 0.34%. Analysis from diode parameters shows the values of A and Jo 
decrease in solid-state DSSCs based on the hybrid ZnO photoanodes. This suggests that 
devices based on hybrid ZnO photoanodes have lower charge recombination rate. To 
improve the efficiency of solid-state DSSCs based on hybrid ZnO photoanodes, further 
quantitative investigations on charge-trapping defects and carrier recombination rates 
from various mechanisms in ZnO nanoparticles and ZnO nanorod arrays are still needed.  
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5. SOLID-STATE DYE-SENSITIZED SOLAR CELLS FROM A LAYER-BY-LAYER 
DEPOSITION PROCESS 
 
5.1 Introduction 
Excitonic photovoltaic devices — including organic, hybrid organic/inorganic, 
and dye-sensitized solar cells (DSSCs) — are promising alternatives to conventional 
inorganic solar cells due to their potential for low cost and low temperature 
solution-based processing on flexible substrates in large scale. One of the major goals of 
current excitonic solar cell research and development is to improve the device's 
efficiency. By modifying the morphology of inorganic constituent in hybrid and 
dye-sensitized solar cells, the photovoltaic efficiency could be improved. As the key 
components, many inorganic semiconductors have been applied as nanostructured 
materials for these solar cells, such as TiO2 [8, 11], ZnO [19-22], CdSe [23], PbS [24, 
25], CuInSe2 [26], and many others. Among these semiconducting nanomaterials, ZnO is 
an up-and-coming candidate because of its diverse morphologies by solution syntheses. 
In DSSCs, the critical nanostructured component, photoanode, is usually 
composed of a porous nanoparticulate film which possesses a large surface area for dye 
molecules to adsorb onto its surface [8, 11]. Other than absorption, the photovoltaic 
performance is also determined by carrier transport capability in the device. In general, a 
thicker ZnO nanostructured film provides a larger surface area for dye attachment and 
thus more excitons can be generated; however, it is more difficult for electrons to reach 
the bottom electrode due to a longer pathway for them to hop across adjacent 
nanoparticles. Although nanoparticulate films provide enough surface area for dye 
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adsorption, one major drawback coming from the nanoparticle thin films themselves is 
that semiconducting particle surfaces have a tendency to form defects which operate as 
electron trapping centers. Since trapping/detrapping events are inevitable when electrons 
diffuse through the disordered nanoparticle network [86-88], it is necessary to alter the 
morphology of the photoanode and design a relatively direct electron transport pathway 
to improve electron collection. One of the promising structures is vertically oriented 
nanorod arrays. Single crystalline ZnO nanorods could be beneficial for direct electron 
transport for collecting charges. It has been revealed that ZnO nanorod array 
photoanodes transport electrons two magnitude faster than ZnO nanoparticle 
photoanodes, at the same time, maintaining a similar electron recombination time [77]. 
Liquid electrolyte-based DSSCs with ZnO nanowire/nanorod array photoanodes have 
been reported to demonstrate superior electron transport efficiency [30]. Several groups 
of researchers also reported successful fabrication of solid-state DSSCs or hybrid solar 
cells based on vertically aligned ZnO nanorods as electron acceptor and transporter.  
Efficiencies of the reported solid-state devices range from 0.2% to 0.6% and the length 
of nanorod arrays are from 180 nm to 550 nm [22, 54, 58, 59]. Though nanorod arrays 
perform good electrical properties, the photocurrents of the DSSCs with nanorod array 
photoanodes are restricted by the total ZnO surface area for dye loading [30]. In addition, 
the spacing between ZnO nanorods is on the order of 100 nm and is larger than the 
typical exciton diffusion length, 4-20 nm, of conjugated polymers [4]. This large spacing 
leads to a high spontaneous recombination rate for excitons generated in the 
hole-transporting conjugated polymers. In order to balance the trade-off between light 
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absorption and electron transport, various ZnO structures other than pure nanoparticulate 
films and pure nanorod arrays have been employed in liquid-electrolyte based DSSCs, 
such as branch structure [20], nanoflower [36], a hybrid nanowire/nanoparticles [20, 89, 
90].  
In this work, we propose to fabricate solid-state DSSCs with hybrid ZnO 
nanoparticle/nanorod array photoanodes and investigate the influence of the length of 
ZnO nanorods on the photovoltaic performance. ZnO nanoparticles are filled into the 
interstitial space between nanorod arrays by a novel layer-by-layer deposition method. 
The layer-by-layer deposition technique solves the issue of incomplete filling of deep 
ZnO nanorod arrays with random orientations, while at the same time provides uniform 
dye loading throughout the ZnO nanoparticle film. The nanoparticles in the interstitial 
space between nanorod arrays provide large surface areas for the loading of dye 
molecules, while nanorod arrays collect electrons from nanoparticles and serve as 
efficient pathways to transport electrons to the electrode.  
 
5.2 Experimental methods 
5.2.1 Device fabrication 
Fluorine-doped tin oxide glass substrates (FTO, 15 Ω/square) were cleaned by 
acetone and isopropyl alcohol and then coated with a thin layer of ZnO nanoparticles by 
drop-casting in methanol and annealed at 300
o
C for 10 min. Colloidal ZnO nanoparticles 
with nearly uniform diameters of 5 nm were prepared by hydrolyzation process. This 
method has been previously reported elsewhere [85]. ZnO nanorods were grown by 
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immersing seeded substrates in aqueous solutions containing 0.05 M zinc nitrate 
hexahydrate (Zn(NO3)2∙6H2O) and 0.05 M methenamine (C6H12N4) at 90
o
C for a certain 
time depends on the desired nanorods length [29]. Subsequently, the nanorod array thin 
films were rinsed with deionized water and dried in air at the same temperature. 
Formation of the ZnO nanoparticles in the interstices of the ZnO nanorod arrays was 
carried out by a layer-by-layer process (Figure 15).  
The substrates with nanorod arrays were first immersed in a dye solution which 
was mixed with 0.5 mM mercurochrome (C20H8Br2HgNa2O) and 0.5 mM N3 
(RuL2(NCS)2, L=2,2'-bibyridyl-4,4'-dicarboxylic acid) in ethanol in a 3:1 volume ratio. 
After 2 min of dye loading, the samples were rinsed by ethanol to remove excess dye 
molecules and heated on a hot plate at 70
o
C for another 2 min to remove solvent. Then 
samples were immersed in a 20 mg ml
-1
 ZnO solution in methanol with sonication for 
another 2 min, rinsed by methanol to remove loosely-attached ZnO nanoparticles, and 
heated on a hot plate at 70
o
C for 2 min. This completed the first cycle of the process by 
having one layer of dyes and one layer of ZnO nanoparticles. The layer-by-layer process 
was repeated for a few cycles until the interstitial voids between ZnO nanorod arrays 
were fully filled by nanoparticles. 
 After layer-by-layer process, zinc oxide photoanodes were sensitized in a 0.5 
mM solution of mercurochrome in ethanol at room temperature for 30 min and then 
rinsed by ethanol to remove excess dyes. Regioregular poly(3-hexylthiophene) (P3HT) 
was dissolved in 1,2-dichlorobenzene and utilized as hole transport material. Two layers 
of P3HT were spin-coated onto dye-loaded photoanodes. The first layer of P3HT was 
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spin-coated with a concentration of 0.2 mg ml
-1
 at 200 rpm. The second layer of P3HT 
was then spin-coated onto the films with a concentration of 20 mg ml
-1
 at 800 rpm. After 
two spin-coatings, devices were annealed in a vacuum oven at 150
o
C for 30 min. To 
complete the fabrication, 100 nm thick gold were thermally evaporated through a 
shadow mask and employed as top electrode. The active area of the devices was 2.25 
mm
2
. 
 
 
 
Figure 15. Flow chart of layer-by-layer method to fill nanoparticles into interstitial 
space between nanorod arrays.   
 
5.2.2 Solar cell characterization  
The morphologies of the ZnO photoanodes were characterized using field 
emission scanning electron microscopy (FE-SEM) (JEOL JSM-7500F operated at 15 
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KeV). To evaluate the light absorption of the dye-loaded ZnO photoanodes, UV-vis-NIR 
(Hitachi U-4100 UV-vis-NIR spectrophotometer) spectra were acquired in absorption 
mode. Photovoltaic performance of the fabricated devices was measured when 
illuminated under a standard solar simulator at AM 1.5 condition (100 mW cm
-2
) with 
current density-voltage (J-V) characteristics acquired by a Keithley 2400 sourcemeter.  
 
 
Figure 16. SEM images of a ZnO nanoparticle film (a) before and (b) after 6 cycles of 
layer-by-layer deposition. Scale bar: 100 nm. 
 
5.3 Results and discussion 
5.3.1 Layer-by-layer process for ZnO deposition and dye loading 
Layer-by-layer deposition is a technique used for well-controlled deposition of 
thin films from solution. The interaction mechanisms that provide coupling between two 
adjacent layers can be Coulomb attraction, covalent bonding or hydrogen bonding. ZnO 
nanoparticles in colloidal solution and dissolved mixtures of dye molecules of 
mercurochrome (C20H8Br2HgNa2O) and N3 (RuL2(NCS)2, 
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L=2,2'-bibyridyl-4,4'-dicarboxylic acid) are charged, which presents possibility to form 
layer-by-layer thin film through electrostatic interaction. The mixture of dyes 
(mercurochrome: N3 = 3:1) are used in this work because it provides good process 
repeatability and good device efficiency. Layer-by-layer deposition of ZnO and dye 
molecules can be performed by immersing the substrate in ZnO colloidal solution and 
dye solution alternatively, with thorough rinsing steps to avoid cross contamination of 
solutions between two soaking steps. To investigate the characteristics of this new 
deposition method, layer-by-layer deposition of bilayers of ZnO nanoparticles and dye 
molecules was first performed on a flat substrate. Figure 16(a) shows the SEM image of 
the initial 120 nm thick nanoparticle film composed of 5 nm ZnO nanoparticles. Figure 
16(b) presents the image after six cycles of layer-by-layer deposition. The thickness of 
the film increased from 120 nm to 290 nm, corresponding to an average bilayer 
thickness of about 30 nm. This thickness is much greater than the diameter of the ZnO 
nanoparticles, indicating the ZnO nanoparticles are not close-packed. Despite of 
irregular packing, the average film thickness in each bilayer is quite consistent. The 
repeatability of the process is corroborated by optical absorption spectra (Figure 17(a)) 
of the thin films with different cycles of layer-by-layer process, which show increasing 
light absorption of the films with more deposited layers in approximately linear scale. 
Due to the 3.2 eV bandgap of ZnO, all the samples exhibit an intrinsic absorption below 
380 nm as shown in Figure 17(b). Obviously, with more layers of dyes and 
nanoparticles deposited onto the original nanoparticulate film, the absorption intensity 
below 380 nm increases as a result of the increasing amount of ZnO nanoparticles in the 
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system. It is also reasonable to compare the absorption intensity and the thickness of the 
films from Figure 16. The initial film thickness is 120 nm with absorption intensity lies 
around 0.25; after six cycles of deposition, the film thickness grows to 290 nm while 
absorption intensity is around 0.6. The ratio between the increased film thickness and 
absorption intensity is very close to each other. On the other hand, the variation in light 
absorption intensity at wavelength above 380 nm is mostly resulted from the dye 
molecules loaded on ZnO nanoparticle surface and is related to the amount of both 
mercurochrome dye and N3 dye. The absorption peak is at around 517 nm for 
mercurochrome dye and at about 520 nm for N3 dye. Among seven samples with 
different deposition cycles, the initial film without dye deposition shows no peak at 520 
nm. With increasing number of deposition cycles, the absorption intensity also increases 
correspondingly (Figure 17(c)). From SEM images and light absorption spectra, the 
layer-by-layer deposition has been confirmed to be a reliable and controllable technique 
to deposit ZnO nanoparticle thin film with uniform dye loading.     
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Figure 17. (a) Optical absorption of ZnO nanoparticulate films with 0 to 6 deposited dye 
and ZnO nanoparticle bilayers. (b) Enlarged absorption spectrum for ZnO absorption. (c) 
Enlarged absorption spectrum for mixed N3 and mercurochrome. 
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Figure 17. Continued. 
 
5.3.2 Layer-by-layer process on ZnO nanorod array photoanode 
The schematic of the hybrid nanoparticle/nanorod array photoanodes at several 
different stages during the layer-by-layer process are shown in Figure 18. The initial 
photoanode (Figure 18(a)) is composed of a ZnO nanoparticle seed layer on the bottom 
and ZnO nanorod arrays grown from the seed layer. After immersing the photoanode in 
the dye solution with 3:1 mercurochrome dye to N3 dye, a thin layer of the 
photo-sensitizers attach to the surface of ZnO nanorods (Figure 18(b)). Followed by 
immersing the dye-attached photoanode into ZnO nanoparticle solution with sonication, 
ZnO nanoparticles bind with the carboxyl group of the N3 dye[97-99], which is already 
attached to the ZnO nanorod, and start to form ZnO aggregates (Figure 18(c)). Figure 
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18(d) and Figure 18(e) show another cycle of the deposition for ZnO nanoparticles to 
fill the interstitial space between nanorod arrays. Figure 18(f) presents the final structure 
in which the interstitial space between nanorod arrays is completely filled with 
nanoparticles. Thus the hybrid nanoparticle/nanorod array photoanode is formed with a 
thickness being the same as the length of the nanorod arrays. During deposition process, 
dye molecules also adsorb onto the ZnO surface and are well-distributed in the device 
because they only need to diffuse into a 20 nm to 30 nm ZnO thin film each time. 
Depends on the length of the nanorods and particularly the spacing between them, the 
number of cycles needs to be applied on the photoanode is different.  
FE-SEM images of hybrid nanoparticle/nanorod array photoanodes with three 
different lengths are shown in Figure 19. Figure 19(a) shows the FE-SEM image of 
averagely 500 nm long nanorod arrays after the first cycle of layer-by-layer deposition of 
ZnO nanoparticles. Figure 19(b) and Figure 19(c) show the same nanorod arrays after 
the fourth and the sixth cycle of processing, respectively. For 500 nm long ZnO 
nanorods that is grown in 105 minutes, their diameter is in the range of 35-45 nm, and 
the average spacing between nanorods is on the order of 100 nm. With more and more 
cycles of layer-by-layer processing, gaps between nanorods are gradually filled by ZnO 
nanoparticles loaded with dye molecules. After six cycles of depositions, all the voids 
between the nanorods are filled. Figure 19(d)(e)(f) show the same processing on 
nanorod arrays with around 1200 nm in length and 70-80 nm in diameter. Figure 
19(g)(h)(i) show the results on 2600 nm long nanorod arrays with 95-105 nm in 
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diameter. Growth time for 1200 nm long nanorod arrays was 3 h, and that for 2600 nm 
long nanorod arrays was 6 h. 
Since the layer-by-layer deposition occurs on the sidewalls of the nanorod arrays, 
the total number of deposition needed to completely fill the nanorod arrays is determined 
by the average distance between the nanorods, not their height. For all three selected 
lengths of nanorod arrays in this work, six cycles of processing are required to fill the 
spacing between nanorods. It should be noted that though ZnO nanoparticles are 
deposited layer-by-layer for several times, there is no distinct boundary between each 
layer in FE-SEM images. The same procedure was also applied on samples by using N3 
dye only or mercurochrome dye only instead of the 3:1 mixture of both dye molecules. 
With N3 dye only, four cycles of processing is enough for nanoparticles to completely 
occupy the space between nanorods.  
However, there is always a distinct area between neighboring ZnO nanoparticle 
layers with a thickness of around 6 nm. One of the possible explanations is that N3 dyes 
dissolve the ZnO thin film and form Zn
2+
-N3 dye agglomerates [97-100]. Oppositely, for 
samples with mercurochrome dyes only, the space between nanorod arrays is not filled 
after six cycles of deposition due to no aggregation formed between mercurochrome and 
ZnO. 
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Figure 18. Schematics of layer-by-layer method to fill nanoparticles into interstitial 
space between nanorod arrays: (a) ZnO nanorod array photoanode. (b) ZnO nanorod 
array photoanode with first layer of dye molecules. (c) ZnO nanorod array photoanode 
with first layer of ZnO nanoparticles in the interstitial space. (d) ZnO nanorod array 
photoanode with second layer of dyes attach on the ZnO nanoparticles from the first 
cycle of deposition. (e) ZnO nanorod array photoanode after second cycle of deposition. 
(f) Final structure with complete filling of interstitial space between nanorods. Figures 
are not drawn in scale. 
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Figure 19. SEM image of ZnO nanorod arrays after different cycle of layer-by-layer 
deposition: 500 nm long ZnO nanorod arrays (a) after 1 cycle, (b) after 4 cycles, and (c) 
after 6 cycles of layer-by-layer deposition of ZnO nanoparticles. 1200 nm long ZnO 
nanorod arrays (d) after 1 cycle, (e) after 4 cycles, and (f) after 6 cycles of layer-by-layer 
deposition of ZnO nanoparticles. 2600 nm long ZnO nanorod arrays (g) after 1 cycle, (h) 
after 4 cycles, and (i) after 6 cycles of layer-by-layer deposition of ZnO nanoparticles. 
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Figure 20 shows the light absorption spectra for three nanorod arrays after six 
cycles of layer by layer processing. Absorption capability of the three photoanodes is 
directly related to the length of nanorod arrays, or in other words, the thickness of the 
hybrid nanoparticle/nanorod array thin film. The spacing between nanorods is within 
similar range because all three samples with different nanorod length need six cycles of 
processing to fill the gap between nanorod arrays, so the overall space that can be 
occupied by dye-attached ZnO nanoparticles should be related to the length of nanorods. 
Transmittance of three samples was also measured. For 500 nm thick photoanode, the 
transmittance at 520 nm is 56%. For 1200 nm one, the transmittance at the same 
wavelength is 27%. And for 2600 nm thick sample, the transmittance at 520 nm is 15%. 
The excellent light absorption capability also illustrates that although the dye loading 
time is short at each cycle, there are still considerable amount of dye molecules loaded in 
the system because the required penetration depth is thin for each run. In order to further 
enhance light absorption capability, a 30 min dye mercurochrome dye loading was 
performed after six cycles of layer by layer process. 
Single crystal nanorods offer a direct pathway for electron transport. Due to their 
smaller surface-to-volume ratio compared to nanoparticles, nanorods possess fewer 
surface defect states. As a result, electron mobility in nanorods is much higher than that 
in nanoparticulate thin films and electron transport through nanorods is tens to hundreds 
faster than through nanoparticles [30, 39, 77]. This efficient electron transport lowers the 
probability of the recombination loss of electrons. However, nanorod array photoanodes 
also suffer from the limited surface-to-volume ratio for the inadequate number of dyes 
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loaded into the system. Oppositely, photoanodes based on nanoparticulate films possess 
better light absorption capability for its large enough surface area for dye attachment, 
while electrons injected from dye molecules to nanoparticles need to hop to adjacent 
nanoparticles for more than thousand times before they can reach bottom electrode and 
thus recombination rate in nanoparticulate photoanodes is high [20, 91]. It is rationale to 
retain advantages from both kinds of photoanodes if both nanorods arrays and 
nanoparticles are utilized in the device. By filling the space between nanorod arrays with 
5 nm nanoparticles, the photoanodes now can benefit from large surface area from 
nanoparticles and thus light absorption capability is promoted significantly. At the same 
time, electrons injected from dyes to nanoparticles can reach nearby ZnO nanorods with 
reduced number of hopping and profit from fast electron transport.  
 
 
Figure 20. Optical absorption of ZnO nanorod array photoanodes after 6 cycles of 
layer-by-layer processing. 
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As mentioned, both mercurochrome dye and N3 dye are used as light-absorbing 
material for the device. P3HT functions as hole-transporting material due to the 
structural design of the cell. It has to be noted that two layers of P3HT were spin-coated 
onto the dye-loaded ZnO photoanodes. The first layer of P3HT was spin-coated with 
diluted concentration in order to provide good wetting of the photoanode for the 
upcoming second spin-coating. Expected energy level of the materials is presented in 
Figure 21 [19, 92, 93, 101].  The conduction band of ZnO is lower than lowest 
unoccupied molecular orbital (LUMO) level of mercurochrome and N3 dyes, allowing 
electron transfer from both dyes to ZnO. 
 
 
Figure 21. A schematic of the energy level diagram of the FTO/ZnO/mercurochrome: 
N3/ P3HT/Au device. 
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5.3.3 Current density-voltage characteristics 
Solid-state DSSCs with structures described in Figure 18(f) have been fabricated 
with three different nanorod length as shown in Figure 19(c), Figure 19(f), and Figure 
19(i). Current density-voltage (J-V) behavior were measured under AM 1.5 condition. 
Figure 22 gives typical J-V curves of the photovoltaic cells based on hybrid 
nanoparticle/nanorod array photoanode with different thickness. It should be noted that 
the curves were plotted based on the best performance cells. Table 5 summarized 
short-circuit currents (Jsc), open-circuit voltages (Voc), fill factors (FF), and overall 
power conversion efficiencies (η) for the three devices. For each device, at least seven 
samples were fabricated and measured. 
 
Figure 22. Current-voltage characteristics of FTO/ZnO/mercurochrome:N3/ P3HT/Au 
devices based on ZnO photoanodes with three different thicknesses: 500 nm, 1200 nm, 
and 2600 nm. The curves were plotted based on the best performance cells. 
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Table 5. List of device parameters for hybrid nanoparticle/nanorod array based 
solid-state DSSCs with different nanorod lengths. 
500 nm 
  Best performance Average 
Voc (V) 0.54 0.60 ± 0.07 
Jsc (mA cm
-2
) 2.02 1.30 ± 0.45 
FF 0.38 0.40 ± 0.02 
η (%) 0.41 0.30 ± 0.07 
 
1200 nm 
  Best performance Average 
Voc (V) 0.45 0.43 ± 0.05 
Jsc (mA cm
-2
) 3.97 3.53 ± 0.57 
FF 0.44 0.43 ± 0.04 
η (%) 0.79 0.64 ± 0.06 
 
2600 nm 
  Best performance Average 
Voc (V) 0.27 0.33 ± 0.07 
Jsc (mA cm
-2
) 2.38 1.86 ± 0.57 
FF 0.32 0.32 ± 0.03 
η (%) 0.21 0.18 ± 0.02 
 
 
When comparing the performance of three devices, it is reasonable to find that Jsc 
increases significantly from 1.30 mA cm
-2
 to 3.53 mA cm
-2
 as the thickness of 
photoanode increases from 500 nm to 1200 nm. But when the thickness of photoanode 
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further increases to 2600 nm, Jsc drops to 1.86 mA cm
-2
. Higher light absorption of the 
2600 nm sample doesn’t result in a higher current density. One possible explanation is 
the filtering effect [59, 67]. With longer nanorod arrays and thicker photoanodes, the 
depth that P3HT infiltrates is deeper. It is difficult for P3HT to penetrate into the 
mesoporous part of the devices if it is too thick. Even P3HT penetrates into mesoporous 
film, it becomes poorly ordered when near to the bottom of the film and exhibits 
inefficient hole transport ability. Thus excitons generated close to the bottom electrode 
are not converted into photocurrent. As a result, the tradeoff between light absorption 
and hole transport attributes to the relatively large Jsc in 1200 nm devices.  Due to 
similar reason, Voc of three devices decreases from 0.60 V to 0.33 V when the thickness 
of the photoanodes increases. The drop of Voc is attributed to the increasing charge 
recombination rate arising from unbalanced electron and hole transport capability in the 
mesoporous films. The fill factors of 500 nm and 1200 nm thick devices are 0.40 and 
0.43, respectively, while the fill factor of 2600 nm thick devices is only 0.32. Again, this 
indicates that 2600 nm nanorods could be too long for this application and lead to 
parasitic losses due to high level of charge recombination. As a result, devices based on 
1200 nm hybrid nanoparticle/nanorod array photoanodes have the highest overall energy 
conversion efficiency, followed by devices based on 500 nm and 2600 nm thick 
photoanodes with their average efficiency of 0.64%, 0.30%, and 0.18%, respectively. 
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5.3.4 Diode parameters  
Other than the well accepted indicators, Jsc, Voc, FF, and η, additional 
information can be extracted by analyzing J-V characteristics using the lumped circuit 
model for solar cell. Detailed procedure to find the diode parameters from measured J-V 
curve is described elsewhere [94, 95]. The current equation for a solar cell device under 
illumination can be expressed as: 
 
J=Jo exp  
q
AkT
 V  J   GV J                                        (1) 
 
where J and V are the diode current density and voltage, Jo is the diode reverse saturation 
current density, q is the electron charge, A is the diode quality factor, k is the Boltzmann 
constant, T is temperature, R is the series resistance, G is the shunt conductance, and JL 
is the photocurrent density. Diode parameters can be determined from the standard J-V 
curve shown in Figure 22 along with plots shown in Figure 23. 
 
 
80 
 
 
 
 
Figure 23. Diode parameters of FTO/ZnO/mercurochrome:N3/P3HT/Au devices based 
on ZnO photoanodes with three different thicknesses: 500 nm, 1200 nm, and 2600 nm: 
(a) dJ/dV versus V for shunt conductance (G) characterization. (b) dV/dJ versus (J+Jsc)
-1
 
for the determination of serious resistance(R) and diode ideality factor (A). (c) J+Jsc-GV 
versus V-RJ for the determination of reverse saturation current (Jo). 
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Figure 23. Continued. 
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For an efficient photovoltaic device, shunt conductance should be kept as small 
as possible. The smaller the G value, the smaller the internal leakage of current through 
the cell. This internal leakage limits the FF of the cell. The value of G was extracted by 
plotting dJ/dV versus V in Figure 23(a) and the calculated values are listed in Table 6. 
Shunt conductance increases from 0.9 to as high as 4.0 with increasing hybrid 
photoanode thickness. And the large shunt conductance value, 4.0, corresponds to low 
FF from 2600 nm devices, which is 0.32 in Table 5. By plotting dV/dJ vs (J+Jsc)
-1
 in 
Figure 23(b), the value of series resistance can be obtained. Similar to G, for an efficient 
solar cell, R should be as small as possible. From Table 6, devices with 1200 nm thick 
photoanodes have the lowest value of R, 2.36  cm2, and the devices with thinnest 
photoanodes give the largest value of R, 4.68  cm2. The ideality factor A and the 
reverse saturation current Jo can facilitate the understanding of the charge recombination 
mechanism in the devices. When A is close to 1, the limiting recombination mechanism 
is the recombination in the charge neutral region. When A is close to 2, the limiting 
mechanism is the recombination in the space-charge region. Additional recombination 
mechanisms are incorporated when A is larger than 2 [94]. By considering ideality factor 
calculated from Figure 23(b), as listed in Table 6, all three devices with different 
photoanode thickness have the value of A larger than 2 and the ideality factor is as high 
as 4.68 for the cell with 500 nm thick photoanode. The high diode quality factors 
illustrate that tunneling recombination for trapped charges is the significant 
recombination mechanism in the devices with hybrid nanoparticle/nanorod array 
photoanodes at selected thickness. ZnO nanoparticle surfaces and disordered P3HT 
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infiltrated into the mesoporous structure between nanorod arrays are full of defects that 
behave as traps for charges. Trapped electrons have higher chances of geminate 
recombination with trapped holes by tunneling back to the original molecules [96]. The 
value of A for the cells with 1200 nm nanorod arrays is relatively low among the three. 
The value of 2.04 is nearly to 2 and which suggests space-charge region recombination 
might be more significant than tunneling recombination in these devices. The balanced 
tradeoff relationship between light absorption capability and P3HT infiltrated depth 
might be the reason for low tunneling recombination. Figure 23(c) shows a 
semi-logarithmic plot of J+Jsc-GV against V-RJ. The value of Jo is again extracted from 
the plot and listed in Table 6. For the cells with shorter nanorod array length, 500 nm 
and 1200 nm, Jo is almost the same. While for the samples with 2600 nm nanorod arrays, 
Jo increases significantly by two orders of magnitude to 4.94x10
-2 
mA cm
-2
.
 
Overall Jo 
decrease is due to increased defect density and more carrier recombinations. Though the 
value of G from the devices based on 1200 nm nanorod arrays is not the lowest among 
the three cells, Jo is relatively low, and A and R are the lowest among three devices. It is 
rational to state that devices based on 1200 nm thick nanoparticle/nanorod array 
photoanodes gives the best performance, while the performance from 2600 nm thick 
cells are far behind the other two kinds of devices. And the analysis from diode 
parameters agrees with the results from J-V characteristics. 
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Table 6. List of diode parameters for hybrid nanoparticle/nanorod array based solid-state 
DSSCs with different nanorod lengths. 
 G (mS cm
-2
) A R (Ω cm2) Jo (mA cm
-2
) 
500 nm 0.9 3.11 4.68 1.06x 10
-4
 
1200 nm 1.8 2.04 2.36 1.07x 10
-4
 
2400 nm 4.0 4.22 3.75 4.94x 10
-2
 
 
 
5.4 Conclusion 
Solid-state DSSCs based on hybrid ZnO nanoparticle/nanorod array photoanodes 
with a mixture of mercurochrome and N3 dyes as the light absorbing material and P3HT 
as the hole transport material have been fabricated with the novel layer-by-layer process. 
The effect of the thickness of the hybrid ZnO photoanodes on device efficiency has been 
investigated. Devices based on 1200 nm thick hybrid photoanodes have the highest 
overall energy conversion efficiency: 0.64% in average, and 0.79% for the single best 
cell. It is believed that the tradeoff between light absorption and efficient charge (both 
electrons and holes) transport attributes to the relatively high efficiency for 1200 nm 
devices. Further investigation to find the optimized parameters for layer-by-layer 
deposition process could be beneficial to improve the efficiency of solid-state DSSCs 
based on hybrid ZnO photoanodes. Layer-by-layer deposition of ZnO nanoparticles and 
dye molecules is a reliable technique for conformal filling of ZnO nanorod arrays and 
for uniformly loading dye molecules throughout ZnO nanoparticle thin films. The 
technique described here can be easily extended to other semiconducting nanomaterials 
for solar cell applications. 
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6. ZNO AND CONJUGATED POLYMER BULK HETEROJUNCTION SOLAR 
CELLS CONTAINING ZNO NANOROD PHOTOANODE 
 
6.1 Introduction 
Organic solar cells are attractive alternatives to conventional inorganic 
photovoltaic devices because they can be fabricated on flexible substrates at low cost by 
solution processing. To overcome the short exciton diffusion length in most organic 
semiconductors, a bulk heterojunction (BHJ) structure has is widely used in organic 
solar cells. In BHJ cells, poly(3-hexylthiophene) (P3HT) and (6,6)-phenyl C61 butyric 
acid methyl ester (PCBM) are the most commonly used materials for electron donor and 
acceptor with a high power conversion efficiency of 5% [15-17]. Many inorganic 
semiconductors,  such as TiO2 [74, 102], ZnO [19, 51], and CdSe [23], have also been 
applied as electron acceptors. Although efficient charge separation is achieved by a large 
interfacial area between electron donor and acceptor, BHJ devices usually suffer from 
meandering or even discontinuous charge transport pathways [49]. In addition, the 
percolation network is susceptible to experimental processes and material properties, and 
thus difficult to achieve a reliable performance.  
Creation of vertically aligned inorganic nanostructures with respect to the 
substrate is considered to be a potential approach to overcome the above problems. 
Ideally, vertically aligned nanostructures can be synthesized with an optimized 
dimension that is small enough for most of the excitons to diffuse through the interface 
between the inorganic and organic components. By controlling the dimension of the 
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vertically aligned nanostructure, polymer chains are also allowed to align themselves 
perpendicular to the substrate. The interchain coupling is thus improved, leading to 
better exciton diffusion and charge transport in conjugated polymer [72, 75, 76]. As for 
electrons, there is also a direct pathway to reach the electrode in vertically aligned 
nanostructures. Several groups have investigated hybrid solar cells with vertically 
aligned ZnO nanorod arrays (NRAs) as an efficient electron transport path, but the 
efficiencies are not comparable to P3HT and PCBM blends [22, 54-56]. One possible 
reason could be due to the spacing between ZnO NRAs being significantly larger than 
the exciton diffusion length of the conjugated polymer, which is reported to be 4-20 nm 
[4]. In order to overcome the large spacing between ZnO nanorods and dissociation of 
more photogenerated excitons, Olson et al. combined ZnO NRAs and BHJ thin films by 
blending PCBM into P3HT and utilized the BHJ thin film on top of the ZnO NRAs [22]. 
Jsc is thus increased significantly as compared to the device with ZnO NRAs/neat P3HT 
since excitons can be dissociated not only at the interface between P3HT and ZnO but 
also at the interface between P3HT and PCBM.  
In this study, we report the preparation and characterization of ZnO NRA/BHJ 
solar cells at two different nanorod array lengths. Our strategy is to use ZnO 
nanoparticles (NPs) instead of PCBM due to the ease of ZnO synthesis and also its 
flexibility in morphology control [103]. The current density will be shown to have 
significantly increased by using ZnO NRAs and P3HT: ZnO NPs BHJ together. 
Furthermore, it will be shown that, with longer ZnO nanorods, the current density is also 
enhanced.  
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6.2 Experimental methods 
6.2.1 Device fabrication  
  Cleaned fluorine-doped tin oxide glass substrates (FTO, 15 Ω/square) were 
coated with a thin layer of 5 nm ZnO NPs by drop-casting in methanol and annealed at 
300
o
C for 10 min. Colloidal ZnO nanoparticles with a nearly uniform diameter of 5 nm 
were prepared by hydrolyzation process and the synthesis method has been previously 
reported elsewhere [85]. ZnO NRAs were grown by immersing seeded substrates in 
aqueous solution containing 0.05 M zinc nitrate hexahydrate (Zn(NO3)2∙6H2O) and 0.05 
M methenamine (C6H12N4) at 90
o
C [29]. For 300 nm long NRAs, the growth time was 
90 min. For 625 nm long nanorod arrays, the growth time was 120 min. After growth, 
the NRA thin films were rinsed with deionized water and dried in air at 90
o
C. ZnO 
NRAs were then sensitized in a 0.5 mM solution of mercurochrome in ethanol at room 
temperature for 30 min and then rinsed by ethanol to remove excess dyes. Regioregular 
P3HT was dissolved in 1,2-dichlorobenzene. A solution of P3HT: ZnO NP was prepared 
by equally mixing 40 mg ml
-1
 ZnO NPs in ethanol/1,2-dichlorobenzene (v/v=5:45) and 
40 mg ml
-1
 P3HT in 1,2-dichlorobenzene. Mercurochrome-coated ZnO NPs were 
prepared by adding excess mercurochrome dyes to the ZnO colloidal solution. After 
overhight dye coating, the supernatant solution is removed with centrifugation, and 
precipitated mercurochrome-coated ZnO NPs were redispersed in 
ethanol/1,2-dichlorobenzene (v/v=5:45) with a concentration of 40 mg ml
-1
 in 
ethanol/1,2-dichlorobenzene. P3HT:mercurochrome:ZnO NP solution was prepared by 
blending 40 mg ml
-1
 mercurochrome and ZnO NP in ethanol/1,2-dichlorobenzene 
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(v/v=5:45) with 40 mg ml
-1
 P3HT in 1,2-dichlorobenzene. Two layers of P3HT were 
spin-coated onto mercurochrome-coated ZnO NRAs. Diluted P3HT with a concentration 
of 0.5 mg ml
-1
 in 1,2-dichlorobenzene was first pin-coated onto NRAs at 200 rpm, 
followed by the second spin-coating of P3HT onto the films with a concentration of 20 
mg ml
-1
 at 800 rpm. P3HT: ZnO NP and P3HT: mercurochrome: ZnO NP solution were 
spin-coated on samples following the same procedure. After two spin-coatings, 
photovoltaic cells were annealed in a vacuum oven at 150
o
C for 30 min. Thermal 
evaporation of 100 nm thick gold was carried out in the last step to complete the device 
fabrication. The active area of the devices was 2.25 mm
2
. 
 
6.2.2 Solar cell characterization 
The morphologies of the ZnO nanorod array NRAs were characterized by using 
field emission scanning electron microscopy (FE-SEM; JEOL JSM-7500F operated at 
15 KeV). The photovoltaic performance of the fabricated devices was acquired when 
illuminated under a standard solar simulator at AM 1.5 condition (100 mW cm
-2
).  
 
6.3 Results and discussion 
FE-SEM images of ZnO NRAs are shown in Figure 24. The thickness of the 
ZnO particulate seed layer for nanorod growth is about 100 nm. In Figure 24(a), ZnO 
NRAs with 90 min growth have a diameter in the range of 40-50 nm, and are about 300 
nm long. In Figure 24(b), the diameters of the ZnO NRAs after 120 min growth are in 
the range of 45-55 nm, and the lengths of nanorods are about 625 nm. Figure 25(a) 
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presents the schematic of the hybrid solar cells. ZnO NRAs function as the electron 
acceptor and electron transporter. Mercurochrome dyes also serve dual functions: they 
enhance the wettability of the surface of ZnO NRs and thus improve the infiltration of 
P3HT into ZnO NRs. P3HT in this device architecture is the main light-absorbing 
material and the electron donor [54]. Other than P3HT, P3HT:ZnO NP BHJ and 
P3HT:mercurochrome:ZnO NP blends were also applied on top of the 300 nm and 625 
nm long ZnO NRs. The energy band diagram of the FTO/ZnO/mercurochrome/ 
P3HT:ZnO/Au configuration is shown in Figure 25(b).  
 
 
Figure 24. Cross-sectional FE-SEM images of (a) 300 nm and (b) 625 nm long ZnO 
nanorod arrays. (Scale bar: 100 nm.) 
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Figure 25. (a) Schematic of the proposed hybrid solar cell based on ZnO nanorod arrays. 
(b) Energy level diagram of the FTO/ZnO/mercurochrome/P3HT:ZnO/Au device. 
 
Typical current density-voltage (J-V) curves of the hybrid photovoltaic devices 
were measured and plotted in Figure 26. Table 7 summarizes the short-circuit current 
(a) 
(b) 
91 
 
 
 
densities (Jsc), the open-circuit voltages (Voc), the fill factors (FF) and the power 
conversion efficiencies (η) for the devices prepared. When comparing the performance 
of the three cells based on 300 nm ZnO NRAs, Jsc increases significantly from 0.91 mA 
cm
-2 
to 2.20 mA cm
-2
 as the thin film changes from pure P3HT to P3HT:ZnO NP BHJ. 
The enhanced Jsc is attributed to a large interfacial area between P3HT and ZnO NPs, 
which results in the more photogenerated carriers. Thus, the large distance between the 
NRAs is overcome by using P3HT:ZnO BHJ instead of pure P3HT.  
 
Figure 26. Current-voltage characteristics of devices based on (a) 300 nm and (b) 625 
nm long ZnO nanorod arrays. 
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Figure 26. Continued. 
 
Table 7. Device parameters of ZnO NR-based hybrid solar cells with different 
configurations. 
Configuration Jsc (mA cm
-2
) Voc (V) FF η (%) 
300 nm ZnO NRAs/mer/P3HT 0.91 0.34 0.43 0.13 
300 nm ZnO NRAs/mer/P3HT:ZnO NP 2.20 0.38 0.40 0.33 
300 nm ZnO NRAs/mer/P3HT:mer:ZnO NP 1.56 0.43 0.41 0.27 
625 nm ZnO NRAs/mer/P3HT 1.36 0.30 0.44 0.18 
625 nm ZnO NRAs/mer/P3HT:ZnO NP 2.51 0.44 0.41 0.45 
625 nm ZnO NRAs/mer/P3HT:mer:ZnO NP 1.56 0.40 0.46 0.28 
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It is noted that, when the composition of the thin film changes from P3HT:ZnO 
NP BHJ to P3HT:mercurochrome:ZnO NP, Jsc decreases from 2.20 mA cm
-2 
to 1.56 mA 
cm
-2
. Even though the current density of P3HT: mercurochrome: ZnO NP is still higher 
than that of pure P3HT, it was expected that Jsc should be further enhanced with the 
addition of the dye molecules as compared to P3HT: ZnO NP BHJ. With 
mercurochrome dyes, the compatibility of P3HT and ZnO NPs should be improved 
[104]. The reason that leads to the drop of Jsc is still unknown. One of the possible 
explanations is that there might be phase segregation in P3HT:ZnO NP BHJ, while 
phase segregation is absent in P3HT:mercurochrome:ZnO NP BHJ due to the surfactant 
effect of the dye molecules. A certain level of phase segregation is generally regarded as 
beneficial to form a percolated network for charge transport in P3HT:PCBM solar cells. 
The same trend can be observed from the three devices with 625 nm long ZnO NRAs. 
When the composition of the thin film is P3HT, Jsc is enhanced from 0.91 mA cm
-2 
to 
1.36 mA cm
-2 
with 49% improvement as the length of ZnO NRAs increases from 300 
nm to 625 nm. In the case of P3HT:ZnO NP BHJ, Jsc is only improved by 14%. Finally, 
there is no current enhancement in the case of P3HT: mercurochrome: ZnO NP BHJ.  
In general, with longer ZnO NRAs, more light can be absorbed by P3HT because 
each ZnO nanorod can function as an optical wvaguide to channel light deep into the 
device. When the thin film composition changes from P3HT to P3HT: ZnO NP BHJ, the 
major contributor of interfacial area between P3HT and ZnO changes from ZnO 
NRA/P3HT to P3HT/ZnO NP. By increasing the length of ZnO NRAs, the interfacial 
area between ZnO NRAs and P3HT can be increased. However, once the number of 
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excitons separated at the interface between ZnO NPs and P3HT is large enough, the 
length of ZnO NRAs is no longer a key factor in photocurrent generation. For both 300 
nm and 625 nm ZnO NRAs, the lowest Voc comes from the cell with pure P3HT due to a 
higher recombination rate resulting from the much larger spacing between ZnO NRAs as 
compared to the exciton diffusion length in P3HT. There is no obvious trend for Voc 
observed in BHJ devices. The fill factors of all the devices lie between 0.40 and 0.46 
without any significant variation among the devices. As a result, the device based on 625 
nm ZnO NRAs and P3HT: ZnO NP BHJ has the highest energy conversion efficiency of 
0.45%, followed by the device based on 300 nm ZnO NRAs and P3HT:ZnO NP BHJ 
with an efficiency of 0.33%.  
Other than the well-accepted performance indicators, such as Jsc, Voc, FF, and η, 
additional information about device characteristics can be extracted by analyzing J-V 
characteristics using the lumped circuit model for solar cells. A detailed procedure to 
find the diode parameters from measured J-V curve is described elsewhere.[94, 95] For a 
photovoltaic device under illumination, the current equation can be expressed as: 
 
J=Jo exp  
q
AkT
 V  J   GV J                                        (1) 
 
where J and V are the diode current density and voltage, Jo is the diode reverse saturation 
current density, q is the electron charge, A is the diode quality factor, k is the Boltzmann 
constant, T is temperature, R is the series resistance, G is the shunt conductance, and JL 
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is the photocurrent density. Diode parameters can be determined from the standard J-V 
curves shown in Figure 26 and their values are shown in Figure 27. 
For an efficient photovoltaic device, shunt conductance should be kept as small as 
possible. A smaller G corresponds to a smaller internal leakage of current through the 
cell. This internal leakage limits the FF of the cell. The value of G was extracted by 
plotting dJ/dV versus V in Figure 27(a) and the calculated values are listed in Table 8. 
Shunt conductance of the fabricated devices lies within 0.95 mS cm
-2 
to 2.30 mS cm
-2
. 
The value of series resistance can be acquired by plotting dV/dJ vs (J+Jsc)
-1
 (Figure 
27(b)). Similar to G, R should be as small as possible for an efficient device. From 
Table 8, both devices with ZnO NRAs/P3HT have lower series resistance.  
The ideality factor A and the reverse saturation current Jo can facilitate the 
understanding of the charge recombination mechanism in the photovoltaic cells. As 
plotted in Figure 27(b) and listed in Table 8, the value of A increases with increasing 
NRA length and increases when the composition of the spin-coated thin film changed 
from P3HT, P3HT:ZnO NP, to P3HT:mercurochrome:ZnO NP. For all the cells, the 
ideality factor is larger than two. This means that, other than recombination in the charge 
neutral region and space-charge region, there are additional recombination mechanisms, 
such as geminate recombination, incorporated in the systems investigated [94]. The high 
ideality factor illustrates that geminate recombination for trapped charges is a significant 
recombination mechanism in the above devices.  
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Figure 27. Diode parameters of hybrid solar cell based on 300 nm and 625 nm long ZnO 
nanorod arrays: (a) dJ/dV versus V for shunt conductance (G) characterization. (b) dV/dJ 
versus (J+Jsc)
-1
 for the determination of serious resistance(R) and diode ideality factor 
(A). (c) J+Jsc-GV versus V-RJ for the determination of reverse saturation current (Jo). 
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Figure 27. Continued.  
 
Table 8. Diode parameters of ZnO NR-based hybrid solar cells with different 
configurations. 
Configuration G (mS cm
-2
) A R (Ω cm2) Jo (mA cm
-2
) 
300 nm ZnO NRAs/mer/P3HT 0.95 3.77 2.06 1.17x 10
-2
 
300 nm ZnO NRAs/mer/P3HT:ZnO NP 2.30 5.79 2.39 1.56x 10
-1
 
300 nm ZnO NRAs/mer/P3HT:mer:ZnO 
NP 
1.36 9.07 3.78 8.19x 10
-2
 
625 nm ZnO NRAs/mer/P3HT 1.36 4.48 1.40 1.17x 10
-1
 
625 nm ZnO NRAs/mer/P3HT:ZnO NP 1.83 11.62 5.15 7.18x 10
-1
 
625 nm ZnO NRAs/mer/P3HT:mer:ZnO 
NP 
1.20 13.56 5.52 5.36x 10
-1
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ZnO surfaces and disordered P3HT are full of defects that behave as traps for 
charges. Trapped electrons have higher chances of geminate recombination with trapped 
holes by tunneling back to the original molecules [96]. In BHJ structures, the formation 
of ZnO enclaves that are completely surrounded by P3HT exacerbates the geminate 
recombination issue because electrons trapped on ZnO cannot be transported to the 
electrode and eventually lost by recombination. Similar to P3HT: PCBM BHJs, some 
level of phase segregation is highly desirable for improving device efficiency. The 
mercurochrome-coated ZnO NPs can be well dispersed in P3HT, but the inability to 
form phase-segregated structures results in all ZnO NPs being well dispersed in P3HT. 
This yields a much higher level of charge recombination, and hence exceptionally high 
diode ideality factor. The increase of the ideality factor with the length of the ZnO NRAs 
and with the better dispersion of ZnO in P3HT, as shown in Table 8, agrees well with 
the increased charge recombinations in those devices. The device’s reverse saturation 
current can be extracted from Figure 27(c), a semi-logarithmic plot of J + Jsc–GV 
against V–RJ. For all devices, Jo is of the order of 10
−1–10−2. These values are quite 
large due to a very high level of carrier recombination. From the analysis of the diode 
parameters, it is suggested that the major causes of low energy efficiency in those solar 
cells are due to the high level of exciton and carrier recombinations, which comes from 
the short exciton diffusion length, the surface defects of ZnO and the formation of ZnO 
enclaves in P3HT. In order to achieve better efficiency using ZnO BHJs, a certain degree 
of phase segregation is preferred to form a percolated network, which can potentially be 
achieved by several techniques. For example, synthesizing branched ZnO nanorods can 
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improve interconnectivity and ball milling of ZnO nanoparticles can form small 
irregularly shaped aggregates. Balancing between the dispersion of ZnO in P3HT and 
the formation of a percolation pathway may eventually yield efficient and stable BHJ 
solar cells. 
 
6.4 Conclusion 
Bulk heterojunction hybrid solar cells based on ZnO and P3HT in conjunction 
with two different lengths of the ZnO NRA photoanode have been fabricated. The 
effects of the length of the ZnO NRAs and the composition of the spin-coated thin films 
have been investigated. In general, the short-circuit current increases with the length of 
the ZnO NRAs due to increased light absorption through the waveguide effect from 
nanowires and an increased interfacial area between ZnO and P3HT. By adding ZnO 
NPs into P3HT to form BHJs, the effect of the length of the ZnO NRAs on the device 
performance decreases. The short-circuit current is higher in the P3HT: ZnO NP BHJ 
device than the pure P3HT device. The highest η achieved in this study is 0.45% based 
on 625 nm ZnO NRAs/mercurochrome/P3HT: ZnO NP BHJ. Coating ZnO NPs with 
mercurochrome can improve the mixing of ZnO and P3HT, but the inability to form a 
phase segregated structure leads to high geminate recombination of photogenerated 
carriers. Analysis from diode parameters shows the values of A and Jo in all devices are 
too high due to the high level of carrier recombination. This suggests that further 
quantitative investigation is needed on charge trapping surface defects from the ZnO 
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surface and high carrier recombination rates from various mechanisms in the proposed 
device. 
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7. CONCLUSION 
 
Excitonic solar cells are up-and-coming alternatives to conventional inorganic 
photovoltaic devices due to its potential to be fabricated on flexible substrates at 
extremely low cost. In XSCs, polymers, small molecules, or quantum dots are utilized as 
the light absorbing materials. Upon light absorption, excitons are generated in the 
material, but only those excitons generated within the order of the exciton diffusion 
length (4-20 nm) from the interface have chances to reach the interface and separate into 
free charges. In other words, it is beneficial to fabricate excitonic devices with interface 
everywhere in the material. Many approaches have been explored to investigate and 
promote the device performance of the solid-state XSCs. Most of these aim to create a 
large interfacial area between p-type and n-type materials by creating a bulk 
heterojunction structure. In addition, bulk heterojunction structure ensures short exciton 
diffusion ranges and offers percolated pathways for both electrons and holes to reach 
relevant electrodes. Morphologies of active layers can be divided into four categories: 1. 
planar metal oxide and conjugated polymer bilayer; 2. filling nanoporous metal oxides 
with conjugated polymers; 3. metal oxide nanoparticles and conjugated polymer hybrid 
solar cells, including in-situ growth of metal oxides; 4. vertically-aligned metal oxide 
nanostructures with conjugated polymers. By modifying the morphology of the 
inorganic constituent in HSCs and DSSCs, the photovoltaic efficiency could be 
improved. As the key components, many inorganic semiconductors have been applied as 
nanostructured materials for XSCs. Among those electron transport materials, ZnO is a 
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competitive candidate because it can be synthesized into all the needed morphologies by 
solution process. 
First of all, covering a compact and planar layer of semiconductor oxide such as 
ZnO with a thin layer of polymer is the most direct and the simplest method to fabricate 
HSCs. The advantage of the device architecture is that photogenerated charges can be 
collected by the electrodes easily due to direct pathways. Oppositely, the relatively small 
interfacial area between metal oxide and polymer limits the charge carrier generation. 
The interfacial surface area between the p-type and n-type materials can be increased by 
replacing the compact metal film with a nanoporous one. By filling these interstitial 
voids of the porous film with a conjugated polymer, exciton harvesting is improved as 
more excitons are generated within 4-20 nm of the ZnO/polymer interface. In this 
dissertation, in order to not only overcome the short exciton diffusion length of 
conjugated polymer, but also improve the hole transport capability in the system, 
solid-state DSSCs consisting of dye-coated ZnO nanoparticle photoanode and P3HT thin 
film were fabricated with the addition of XDSWNT into P3HT. The amount of the 
XDSWNT in P3HT and the device performance of the cells were investigated. The 
overall energy conversion efficiency achieved in this work was 0.023% with pristine 
P3HT. With the addition of XDSWNT into P3HT, though open-circuit voltage dropped 
slightly, short-circuit current increased by several times. By having a weight ratio of 
XDSWNT and P3HT at 0.1:1, the short-circuit current was quadrupled and the device 
efficiency was tripled to reach 0.07%, compared to devices without the addition of 
XDSWNT. However, the efficiency of these ZnO-based solid-state DSSCs was still low. 
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One of the possible reasons is poor infiltration of P3HT into ZnO nanoparticle thin films. 
Another major drawback is that semiconducting particle surfaces have a tendency to 
form defects which operate as electron trapping centers. Since trapping/detrapping 
events are inevitable when electrons diffuse through the disordered nanoparticle 
network,[86-88] it is necessary to alter the morphology of the photoanode and design a 
relatively direct electron transport pathway to improve electron collection.  
Creating vertically-aligned metal oxide nanostructures with respect to the 
substrate is considered to be a potential approach to overcome the problems encountered 
in the nanoparticle-based devices. Ideally, vertically-aligned metal oxide nanostructures 
can be synthesized with optimized dimension that is small enough for most of the 
excitons to reach the junction between inorganic and organic components; at the same 
time, this small enough dimension does not hinder the filling of the polymer into the 
nanostructures. By controlling the dimension of the vertically-aligned nanostructure, 
polymer chains are also allowed to align themselves perpendicular to the substrate. The 
interchain coupling is thus improved and leads to better exciton diffusion and charge 
transport in polymer. As for electrons, there is a more direct pathway to reach the 
electrode in nanorods than in porous nanoparticle thin films; in addition, nanorods 
provide fewer defect sites to trap electrons as compared to nanoparticles. With a more 
direct pathway and fewer trapping sites, electron transport in nanorods is tens to 
hundreds of times faster than that in the nanoparticle thin films. Efficient electron 
transport helps minimize electron transit time from the point of generation to the 
electrode, thus lowering the recombination loss of the electrons. However, ZnO 
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photoanodes based on nanorod arrays suffer from limited surface area that can absorb 
dye molecules for efficient light harvesting when compared to the electrodes based on 
nanoparticles. 
In this dissertation research, we fabricated solid-state DSSCs with hybrid ZnO 
nanoparticle/nanorod array photoanodes and investigated the influence of the 
morphology of ZnO nanorods to the photovoltaic performance. By filling the interstitial 
space between nanorods with 5 nm size ZnO nanoparticles, the total surface area of ZnO 
photoanodes can be greatly increased. Light absorption of the device can thus be 
increased without compromising efficient electron transport of ZnO nanorod arrays. 
Furthermore, compared to more than thousand times of hopping in a particulate thin film, 
electrons injected from dye molecules into nanoparticles can reach ZnO nanorods, and 
then the electrode, just by hopping across a few nanoparticles. By minimizing the 
number of interparticle hoppings, the carrier recombination can be greatly reduced. As 
expected, short-circuit current increased with the amount of ZnO nanoparticles in the 
photoanode due to the large surface area for dye loading. Compared to pure nanoparticle 
photoanode, Voc increased with the presence of ZnO nanorod arrays due to faster 
electron transport and less charge recombination. The overall conversion efficiency of 
the solid-state DSSC based on ZnO nanorod arrays was 0.13%. By fully filling the 
interstitial voids of the nanorod arrays with nanoparticles, the device efficiency 
increased significantly to 0.34%. Analysis from diode parameters shows the values of 
the diode ideality factor and the Jo decreased in devices based on the hybrid ZnO 
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photoanodes. This suggests that devices based on hybrid ZnO photoanodes have lower 
charge recombinations.  
After the study of morphology of hybrid nanoparticle/nanorod array photoanode 
and the corresponding device performance, the influence of the length of nanorod arrays 
was also investigated. ZnO nanoparticles were still filled into the interstitial space 
between nanorod arrays, but by a novel layer-by-layer deposition method. Devices based 
on 1200 nm thick hybrid photoanodes had the highest overall energy conversion 
efficiency, 0.64 % in average, and 0.79 % for the single best cell. It is believed that the 
tradeoff relationship between the light absorption capability and the efficient hole 
transport ability attributes to the relatively large η for 1200 nm devices. Analysis from 
diode parameters also agrees that among 500 nm, 1200 nm, and 2600 nm devices, 
photovoltaic devices based on 1200 nm thick photoanodes have the best properties. 
Other than efficiency, the novel layer-by-layer deposition of ZnO nanoparticles and dye 
molecules is a reliable technique for conformal filling of ZnO nanorod arrays and for 
uniformly loading dye molecules throughout ZnO nanoparticle thin films. The technique 
described here can be easily extended to other semiconducting nanomaterials for solar 
cell applications. 
Another approach utilized in this dissertation to promote the cell efficiency from 
device performance was to for a bulk heterojuction structure by blending ZnO 
nanoparticles with P3HT. Several groups have investigated the devices with vertically 
aligned ZnO nanorod arrays as efficient electron transport path while the efficiencies are 
not competitive to OSCs based on P3HT: PCBM thin film. One possible reason could be 
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due to the spacing between ZnO nanorod arrays is larger than the exciton diffusion 
length of the conjugated polymer. In order to overcome the large spacing between ZnO 
nanorods and dissociate more photogenerated excitons, HSCs based on two different 
lengths of ZnO nanorod arrays with mercurochrome as surface modifier and P3HT as 
light absorbing and hole transporting material have been fabricated. In general, 
short-circuit current increases with the length of ZnO nanorod arrays due to increased 
interfacial area between ZnO and P3HT, though by adding ZnO nanoparticles into P3HT, 
the effect of the length of ZnO nanorod arrays on the device performance decreases. 
Short-circuit current also increases when the spin-coated thin film is composed of P3HT: 
ZnO nanoparticle bulk hetorejunction instead of pure P3HT due to enhanced interfacial 
area. The highest η achieved in this dissertation is 0.45 % based on 625 nm ZnO nanorod 
arrays/mercurochrome/P3HT: ZnO nanoparticle bulk heterojunction.  
As a summary, several approaches have been explored to investigate and 
enhance device performance of solid-state XSCs. The photovoltaic efficiency has been 
significantly improved by modifying the morphology of the device. In addition, the 
novel layer-by-layer deposition of ZnO nanoparticles and dye molecules is a reliable 
technique which can be easily extended to other semiconducting nanomaterials for solar 
cell applications. The approaches developed in this thesis work can be easily extended to 
other semiconducting nanomaterials and organic semiconductors for further efficiency 
improvement. 
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